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Referat:
Diese Arbeit befasst sich mit der Charakterisierung einer verhält-
nismäßig wenig beforschten Untergruppe der hochtemperatur-supralei-
tenden Kuprate (HTSCs-high-temperature superconducting cuprates),
den elektronendotierten HTSCs, vermittels kernmagnetischer Reso-
nanz (NMR-nuclear magnetic resonance). Die Untersuchungen um-
fassen 63Cu und 17O NMR an ausgerichteten Pulverproben und Einkris-
tallen von Pr2−xCexCuO4 (x = 0, 0.05, 0.10, 0.15, 0.20) sowie auch
Nd2−xCexCuO4 (x = 0, 0.13) in externen Magnetfeldern von 2.35 bis
17.6 T und Temperaturen zwischen 8 und 400 K.
Durch eine Vielzahl von Experimenten wird die erste eindeutige spek-
trale Analyse für beide Nuklide vorgenommen.
Es wird gezeigt, dass die indirekte, homonukleare Kopplung, wie sie
beim Hahn-Echo-Zerfall von planarem 63,65Cu in lochdotierten HTSCs
und auch im undotierten Pr2CuO4 gefunden wird, durch Elektronen-
dotierung weitestgehend unterdrückt wird.
Eine Analyse der Quadrupolaufspaltungen zeigt, dass nicht nur die
lokale Verteilung der dotierten Elektronen und Löcher in den CuO2-
Schichten quantitativ gemessen werden kann, sondern, dass auch Un-
terschiede in den 63Cu und 17O Aufspaltungen verschiedener undotier-
ter Kuprate auf eine variable Ladungsverteilung zurückzuführen sind.
Somit ist eine quantitative Messung der lokalen Ladungsverteilung
in der CuO2-Schicht der HTSCs möglich, welche ein neues, differen-
ziertes Bild der unterschiedlichen Materialien ergibt.
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BCS refers to the authors of Bardeen, Cooper, and Schrieffer [1957]
and their microscopic “Theory of Superconductivity” described
therein
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RE rare-earth element, in context of this work on T’ cuprates usu-
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RF radiofrequency
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SE selective excitation
Constants
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~ reduced Planck constant, ~ = h
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c⊥B0 indicates sample orientation with B0 perpendicular crystal c-
axis
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x Ce/Sr content in electron-doped/hole-doped cuprates of T’/T
structure and/or doping - for mathematical analysis in Sec. 5.3
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δ surplus O content, determining superconducting properties in
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B0 external magnetic field
Beff effective magnetic field at the nuclear site
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I or S nuclear spin, in particular I refers to the nucleus under study
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γI gyromagnetic ratio, an isotope specific constant
E energy, in the context of this work usually referring to the en-
ergy of a certain spin state
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ω0 (angular) Larmor frequency
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m nuclear magnetic quantum number specifying one out of 2I + 1
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xvii
NOMENCLATURE
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M0 equilibrium magnetization
djk dipolar coupling
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ηQ EFG’s asymmetry parameter given by ηQ = (VXX − VY Y )/VZZ
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63Cc constant, initially assumed material-specific and introduced by
Haase et al. [2004] to account for different splittings in cuprate
parent compounds for planar 63Cu in c ‖ B0
17Cσ constant, initially assumed material-specific and introduced by
Haase et al. [2004] to account for different splittings in cuprate
parent compounds for planar 17O along the σ-bond
nd hole content in planar Cu 3dx2−y2
np hole content in planar O 2pσ
T1 spin-lattice relaxation time
W , W1,2 magnetic and EFG fluctuation rates of the ’lattice’,
W reflects spectral density of magnetic fluctuations of the lat-
tice, T−11,M = 2W , W1,2 those of EFG fluctuations inducing
∆m = 1, 2-transitions
T2 spin-spin relaxation time
T ∗2 experimentally observed Lorentzian spin echo decay time
T2,eff effective spin echo decay time for which the echo intensity has
dropped by a factor of 1/e
T2R Lorentzian transverse relaxation time due to spin-lattice relax-
ation, often referred to as Redfield contribution
T2G Gaussian transverse relaxation time, in HTSCs associated with





More than a quarter of a century after the discovery of “high Tc superconductivity
in the Ba-La-Cu-O system” by Bednorz and Müller [1986], that triggered a nearly
unparalleled scientific effort in this field of material science, an understanding of
the mechanism of high-temperature superconductivity is yet to be achieved.
Rather than in the superconducting properties, that are fairly well investi-
gated and describable, the puzzle lies in the actual pairing mechanism and the cu-
rious normal-state properties of the high-temperature superconducting cuprates
(HTSCs). A wealth of phenomena, of which superconductivity is only one, is
observed when chemically doping these ceramic materials with holes or elec-
trons, such as e.g. Cu-based antiferromagnetism (AF) for no or low doping and
the pseudo-gap (PG) in the underdoped regime. Intense scientific research has
amounted a huge body of information on the properties of HTSCs, showing uni-
versal as well as system-specific phenomena, and many theories as to the micro-
scopic mechanism have been put forward. There is, however, neither a consensus
on a theoretical description, nor are all experimental observations necessarily in
accord. This is due to the quite complex electronic nature of the cuprates and
their very high sensitivity to synthesis and treatment conditions. The on-going
advances in the field are in no small part the result of ever improved methods of
sample preparation.
The aim of this work was the 63Cu and the first ever 17O nuclear magnetic
resonance (NMR) investigation of a subgroup of HTSCs, the comparatively under-
investigated electron-doped cuprates of so-called T’-structure. Despite their rel-
1
1. Introduction
atively low superconducting transition temperatures, Tc, these promise further
insight since similarities and differences to their hole-doped counterparts should
be reflected by any attempt at a theoretical description.
However, the NMR investigation of electron-doped HTSCs was thus far rather
limited to comparatively few 63,65Cu studies without any 17O NMR reported at
all. Hampered by number of aspects, such as sample quality issues, the unclear
role of the O reduction, strong rare-earth (RE) magnetic moments and the wide
extent of AF, NMR has yet to address a number of questions on electron-doped
cuprates that have been thoroughly investigated for hole-doped HTSCs. For in-
stance the enhanced, Gaussian spin echo decay found in hole-doped HTSCs, and
associated with antiferromagnetic correlations, has not been reported in electron-
doped cuprates. Also, lacking 17O data, the distribution of doped electrons could
not be thoroughly studied.
In the course of this investigation powder samples of Pr2−xCexCuO4 were suc-
cessfully synthesized, characterized, 17O-exchanged, O-reduced and c-axis aligned.
63Cu NMR results were in agreement with previous investigations and the first
17O NMR of electron-doped Pr2−xCexCuO4 revealed significant similarities to
results on hole-doped HTSCs. Among other things, the electric field gradient
(EFG) at the planar O site in Pr2−xCexCuO4 is found to be very similar to that
of hole-doped YBa2Cu3O7, but shows little doping dependence. Together with
a smeared out, decreased EFG at the Cu site, this indicates an almost exclusive
electron doping of planar Cu. In contrast, doped holes were shown to predomi-
nantly go to planar O.
Broad, overlapping resonances and the limitation to uni-axial measurements
along the c-axis, however, hampered a precise and full characterization of the
generally anisotropic NMR parameters. Thereby limiting the certainty of the
spectral site assignment for O as well as further conclusions from spectral and
relaxation measurements.
Fortunately, high-quality single crystals of electron-doped Pr2−xCexCuO4, and
later also Nd2−xCexCuO4, that had only become available in recent years, were
kindly provided by Andreas Erb and could be studied. After successful 17O ex-
change and repeated O reduction, 63Cu and 17O NMR on single crystals confirmed
2
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the results from c-aligned powder samples, although with sharper resonances,
particularly for 17O, increasing the experimental precision.
It could be shown that the long-assumed scenario of a smeared out, almost
vanishing EFG at the planar Cu site in Pr1.85Ce0.15CuO4 is in fact true. Despite
its large distribution which exceeds the average value, the EFG retains its well-
defined symmetry.
For 17O an unambiguous site assignment was done in the parent compound
Pr2CuO4 based on shift and EFG tensors, as well as the orientational dependence
of the 17O spin echo decay, which is shown to be dominated by the 63,65Cu spin-
lattice fluctuations. The 17O EFG is found to be largely doping-independent, i.e.
doped electrons are by and large not localized at planar O.
A quantitative analysis that is based on electric hyperfine (HF) coefficients
determined from atomic spectroscopy, shows quantitative agreement of the EFG
changes at planar Cu and O with the nominally doped charges x in Pr2−xCexCuO4
and Nd2−xCexCuO4. With a similar quantitative agreement in hole-doped HTSCs,
in particular La2−xSrxCuO4, it is concluded that the distribution of doped charges,
holes as well as electrons, can be quantitatively measured by determining the
doping-dependence of the planar Cu and O EFGs.
In the next step, all cuprate parent compounds were considered where NMR
data of planar Cu and O EFGs were available, i.e. the two parent materials
investigated in this work, Pr2CuO4 and Nd2CuO4, together with hole-dopable
La2CuO4 and YBa2Cu3O6. Vast differences between these are found to be in
astonishing agreement with expected changes if one assumes a system-specific
distribution of inherently present charges. This indicates that parent materials,
in this respect, differ much more than previously thought, and that NMR can
measure these differences via Cu and O EFGs that are dominated by the charge
distribution within the CuO2 plane and largely independent of neighboring layers.
A review of all available EFG data from the literature, including doped
HTSCs, is in accord with these finding, e.g. the O EFG’s asymmetry is found to
be rather independent on cuprate family and doping.
Applying the quantitative analysis reveals a quite differentiated picture of the
charge distribution in the CuO2 plane. The distribution of inherently present
and doped charges differ widely for different cuprate structures and a trend of
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higher maximal superconducting temperature, Tc,max, with increasing O hole con-
tent is observed. The high, largely doping-independent O hole content found for
electron-doped T’-cuprates suggests its crucial role for high-Tc superconductivity
and possibly very high values of Tc,max if one were to successfully dope holes into
T’-cuprates.
Furthermore, the 17O and 63Cu NMR spin echo decay rates in electron-doped
cuprates, including literature data for the latter, are reviewed. Here, the en-
hanced Gaussian relaxation due to indirect coupling, which is characteristic for
hole-doped cuprates, appears to be supressed for all electron-doped systems where
data are available. Specifically investigated using spin echo double resonance (SE-
DOR), the nuclear Cu-Cu dipolar coupling is found to exceed the direct coupling
by no more than a factor of two as opposed to a factor of ten for hole-doped
cuprates. Only at very low temperatures an increase of the Cu spin-spin relax-
ation rates is observed for optimally doped Pr1.85Ce0.15CuO4 that may signal the
onset of a strong indirect coupling. The antiferromagnetic correlations that are
considered to be the origin of the indirect coupling in hole-doped HTSCs seem to
be suppressed by electron doping, in curious contrast to macroscopic AF that is
efficiently suppressed by doping of holes and much less so by electrons.
In the following Ch. 2 HTSCs are briefly introduced with a focus on electron-
doped cuprates, where, in particular, the literature of NMR research on these
materials is reviewed.
Ch. 3 outlines the basic principles of NMR and the significance of the various
spectral and relaxation parameters that are used to characterize the materials
under study.
The samples and their preparation as well as the NMR experiments performed
are described in Ch. 4.
In Ch. 5 the experimental results are presented and analyzed. In particular,
Sec. 5.1 summarizes the experimental results of 63Cu and 17O NMR on c-aligned
powders and Sec. 5.2 those on single crystal samples. In Sec. 5.3.1 spin-spin re-
laxation data on electron-doped cuprates are shown to exhibit no strong indirect
coupling in contrast to what is found for hole-doped HTSCs. The analysis of
EFG data which measures the charge distribution in the doped and undoped
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CuO2 plane is presented in Secs. 5.3.2, 5.3.3 and 5.3.4.
Finally, in Ch. 6 the conclusions drawn from the results of this study are
summarized.
App. A gives more theoretical background on the effect of spin-lattice inter-
action on the transverse and on the longitudinal NMR relaxation.
App. B comprises a table of all EFG data for planar Cu and O in HTSCs that
were measured in this work or could be found in the literature, cf. App. B.1, and
a summarizing discussion of other NMR observations in electron-doped cuprates






This chapter gives an overview of HTSCs starting with a brief historical intro-
duction, followed by a short outline of the structural characteristics and the var-
ious phenomena observed. The last subsections are focused on the systems un-
der study, electron-doped Pr2−xCexCuO4 and Nd2−xCexCuO4. In particular, the
NMR literature on electron-doped HTSCs available prior to this study is reviewed
and compared with notable observations in their hole-doped counterparts.
For more details the interested reader is referred to the abundant literature,
e.g. Schrieffer and Brooks [2007] for high-temperature superconductivity in gen-
eral and Armitage et al. [2010] focussed on electron-doped cuprates. Slichter’s
chapter 5 in the former is recommendable as an introduction to NMR of HTSCs,
a more extensive review is found in Walstedt [2008].
2.1 A (very) short Historical Outline
After the discovery of superconductivity in metals, elemental [Onnes, 1911] and
later also alloys, it took the scientific community nigh on half a century until a mi-
croscopic theoretical description was proposed by Bardeen, Cooper, and Schrieffer
[1957], the BCS-theory. The later observation of superconductivity in a number
of metal oxides and finally in ceramic cuprates [Bednorz and Müller, 1986] was
7
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Figure 2.1: Superconducting transition temperatures of various materials
vs. the year of their discovery. Partially based on http://www.ccas-
web.org/superconductivity.
surprising, not only because of the non-metallic character of these materials, but
also in the magnitude of the achieved critical temperatures. These soon exceeded
the previous estimates for an upper bound (≈ 30 K) based on the BCS-theory.
While cuprates of various composition and with ever higher Tcs, cf. Fig. 2.1,
could be found and characterized within the first years, many phenomena remain
enigmatic and a consensus on the theoretical description of the governing physics
is missing to this day. Although the nature of the superconducting state itself is
fairly well understood, the normal state properties are puzzling and believed to
hold the key to the origin of high-Tc superconductivity in the cuprates.
8
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Along with the cuprate superconductors a number of other systems were found
to show superconductivity where it is naively not anticipated, e.g. carbon-based
or organic superconductors and recently the so-called iron-pnictides. The latter
showing a lot of similarities, structural and phenomenological, to the cuprates.
Even though these other, newer systems naturally attract a lot of scientific in-
terest and the Tc-record has not been challenged in 15 years, the cuprates remain
one of the centers of scientific attention. This is due to their unparalleled tran-
sition temperatures which for many cuprate systems exceed the technologically
important barrier of the boiling point of nitrogen. To date, technical applications
are still very limited, e.g. HTSC tape for nitrogen cooled power transmission lines
and MRI machines. However, the steady rate of success in on-going research, ow-
ing to improved sample preparations and an ever wider range of experiments, fuels
the optimist’s hope for a breakthrough in high-Tc research and the long-awaited
technological revolution.
2.2 Structures and Phenomena
The HTSCs are ceramic materials of perovskite-type, layered structure, cf. Fig. 2.2.
The essential building block is the CuO2 plane. In first approximation it is formed
by Cu2+ (3d9) and O2− (2p6) ions, with one hole in the Cu 3dx2−y2 orbital which
hybridizes with the nominally full 2pσ orbitals of four surrounding O to give a
square planar arrangement. Intermediate layers, often referred to as charge reser-
voir, provide charge neutrality. The chemical composition of these can be varied
widely as evidenced by the large number of HTSC structures reported. An addi-
tional structural feature found for some systems is the stacking of several CuO2
planes∗ in between two charge reservoir layers, which is found to affect Tc with a
maximum increase for triple layer systems.
The undoped parent materials show Cu-based AF with Néel temperatures,
TN, up to several hundred Kelvin. By altering the average charge state of the
charge reservoir layer, electrons may be added or removed from the CuO2 plane by
which the Cu-based antiferromagnetism is suppressed and a wealth phenomena
such as superconductivity are unlocked.
∗separated only by e.g. a single Ca2+ per unit cell
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Figure 2.2: Structure of cuprate superconductors. (a) Schematic layered struc-
ture of HTSCs as found e.g. in (b) the unit cell of T’-stuctured electron-doped
RE2−xCexCuO4 and (c) the related hole-doped T-structured HTSCs. The bond-
ing orbitals, O 2pσ and Cu 3dx2−y2 , within the CuO2 plane are indicated in bottom
right of (b).
Fig. 2.3 shows a scheme of the HTSC phase diagram upon hole and elec-
tron doping, which is by no means universal but rather based on hole-doped
La2−xSrxCuO4 and electron-doped Nd2−xCexCuO4. These systems of T- and T’-
structure, respectively, have two principal advantages over other systems with
much higher Tcs. Firstly, they span the entire doping regime from the undoped
parent far into the overdoped, which is not the case for many other HTSCs.
Secondly, the doping x is readily determined from stoichiometry, which is by
comparison easily controlled during synthesis. For many other systems, in fact
most hole-doped HTSCs, doping is controlled by the O content δ, which is ad-
justed by annealing conditions, notoriously sensitive to storage conditions, hard
to determine experimentally and even then does not give the doping of the CuO2
planes directly. Therefore, for many of these systems the doping is often only
specified by Tc and the addendum under- or overdoped. Nonetheless a correspon-
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Figure 2.3: Sketch of HTSC phase diagram for hole (left) and electron (right)
doping, based on La2−xSrxCuO4 and Nd2−xCexCuO4, respectively. Antiferro-
magnetic (AF in green) and superconducting (SC, yellow) phases are bounded by
Néel temperature, TN, and critical superconducting temperature, Tc, respectively.
The pseudo gap phase is found on the underdoped normal-state below T ∗. Ap-
proximate available doping ranges for different families of HTSCs are indicated
in red.
dence to a standard phase diagram exists as indicated for some compounds in
Fig. 2.3.
Starting from the parent compound (x = 0) hole doping (to the left) very
effectively suppresses macroscopic antiferromagnetism as evidenced by the steep
decrease in TN. Further addition of holes results in superconductivity, where Tc(x)
shows dome-like (parabolic) doping dependence that has its maximum Tc,max
around x ≈ 0.15. At higher temperatures on the underdoped side (x < 0.15)
one finds the pseudo gap (PG) regime below T ∗, so called since various spec-
troscopic methods, among others NMR, observe the opening of an energy gap.
The question of the origin of this gap and whether it marks a precursor to su-
11
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perconductivity or a competing order is hitherto unsettled. The normal-state
above the superconducting dome is usually referred to as strange metal due to
e.g. a resistivity that is typically linear in T as opposed to the T 2-dependence of
a Fermi-liquid. It is only in the overdoped regime that metal-like characteristics
are observed for hole-doped HTSCs.
The electron-doped side (right side of Fig. 2.3) of the HTSC phase diagram is
much less explored and a number of questions are yet to be addressed. Similar to
the hole-doped side one finds a superconducting dome peaked around 15 % dop-
ing,∗ although narrower and with much smaller values of Tc, e.g. Tc,max = 25 K for
Pr2−xCexCuO4. A PG is also observed by different techniques in electron-doped
HTSCs, although it is unclear whether it has the same origin as in hole-doped
cuprates. Maybe the most obvious distinction when comparing the two sides of
the phase diagram is that electron doping is much less efficient in suppressing
macroscopic AF. The doping of electrons causes a comparatively slow decrease
of TN , such that here the antiferromagnetic and superconducting regimes are
actually in close proximity and might even coexist. Other differences are the
Fermi-liquid-like resistivity (∝ T 2) already near optimal electron doping, com-
mensurate spin fluctuations in contrast to hole-doped cuprates [Yamada et al.,
1999] and much smaller critical magnetic fields, Hc2, required to suppress super-
conductivity.
The symmetry between electron and hole doping, or its absence, is of paramount
importance as many theoretical approaches implicitly assume symmetry between
doping with these two types of charge carriers. Unfortunately, a comparison is
in many cases hindered by a lack of experimental data, particularly for the com-
paratively under-investigated electron-doped cuprates. Complications also arise
from the distinction of whether a certain observed phenomenon is inherent to
the cuprates, specific to the particular structure or compound investigated, or
if it is simply a peculiarity of the studied samples due to certain preparation or
treatment conditions.
∗For the infinite-layer system Sr1−xLaxCuO2 as well as for (Pr,La)2−xCexCuO4, however,
the Tc,max of 39 K and 24 K, respectively, are reportedly found for lower doping x = 0.10.
12
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2.3 Electron-doped T’-Cuprates -
an Experimental Survey
The unit cell of T’-structured electron-doped cuprates RE2−xCexCuO4 depicted
in Fig. 2.2 (b) is at first glance very similar to that of the related hole-doped
T-structure, cf. Fig. 2.2 (c). Neglecting a small orthorombic distortion of the
pseudo-tetragonal structure of La2−xSrxCuO4 (a
∗ 6= b∗), the most relevant dif-
ference is the position of the O site in the charge reservoir layer. Instead of
above/below planar Cu, in apical position (AP), it is situated above/below pla-
nar O in the T’-structure, henceforth referred to as the inter-layer O site (IL). As
depicted in Fig. 2.2 this gives a 4-fold square planar coordination for Cu in T’ as
opposed to the octahedral coordination in the T-structure. For planar O (PL) in
the T’-structure we find the local symmetry still dominated by two neighboring
planar Cu, while the inter-layer O site has a 4-fold, near tetrahedral coordina-
tion with rare-earth ions in the charge-reservoir, instead of the near octahedral
coordination of the apical site with five La and one Cu.
In fact, it appears that in general hole-doped structures have an occupied
apical position∗. In the electron-doped T’-structure apical site is unoccupied†,
thereby representing a potential defect if occupied by surplus O.
Indeed, all electron-doped cuprates of T’-structure require a O reduction pro-
cedure of synthesized samples which results in a supression of TN, cf. Fig. 2.4 (a),
and emergence of superconductivity at sufficiently high Ce dopings.
The actual microcopic effect is unfortunately unclear and different scenarios
have been suggested. The first proposed and most widely accepted explanation
is a removal of surplus O occupying the apical site [Radaelli et al., 1994]. A
number of more recent reports, however, indicate the creation of planar and/or
inter-layer O vacancies [Brinkmann et al., 1996; Richard et al., 2004; Riou et al.,
2001, 2004]. Other reports indicate creation of small rare-earth oxide subphases,
giving up Cu to cure lattice defects in the as-grown material [Kang et al., 2007].
∗For multiple-layer structures only planar Cu sites in the outer CuO2 planes have one
neighboring apical site.
†In the other electron-doped structure, the infinite-layer compound Sr1−xLaxCuO2 this site
does not exist as CuO2 planes are stacked on top of one another.
13
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Figure 2.4: Superconductivity and magnetism of electron-doped T’-cuprates.
(a) Doping-dependent TN of as-grown and O-reduced Nd2−xCexCuO4. (b)
Temperature-dependent inverse magnetic susceptibilety of T’ parent materials
[Lambacher, 2008]. (c) Tc of T’-cuprates vs. in-plane lattice constant.
The effect of TN supression by the O reduction has also been interpreted as an
effective electron doping (δx = 0.03) by Mang et al. [2004], indicated in Fig. 2.4
(a), which agrees with previous findings from infrared spectroscopy (δx = 0.05)
by Arima et al. [1993]. There is, however, disagreement with TN data of Mang
et al. [2004] with a later studies [Motoyama et al., 2007].
The different scenarios are not necessarily mutually exclusive. It should be
noted that the O reduction is optimized when approaching the temperature stabil-
ity limit of the structure itself and is reversible by re-oxygenation. The reduction
process, however, does not compensate for Ce doping, such that electron doping,
if occurring at all, is certainly not its only effect.
Besides antiferromagnetic ordering of the Cu spins below TN, the rare earth
14
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4f moments play a decisive role in the magnetic properties of T’-cuprates. The
macroscopic susceptibility is dominated by these rare-earth moments [Boothroyd
et al., 1992; Földeáki et al., 1991], cf. Fig. 2.4 (b), showing Curie-Weiss like be-
havior at high temperatures and a departure from it at low temperatures due
to crystal field effects. Due to RE-RE, Cu-Cu and RE-Cu coupling a number of
magnetic states may be observed in dependence on the rare-earth element and
temperature [Sachidanandam et al., 1997], as evidenced for instance by the reori-
entation of Cu spins within the antiferromagnetic state of Nd2CuO4 [Armitage
et al., 2010]. For Pr2CuO4 no such effects have been observed [Sumarlin et al.,
1995].
Interestingly, the superconducting transition temperature at optimal doping
Tc,max = Tc(x ≈ 0.15) observed after O reduction increases with rare earth ionic
radius, cf. Fig. 2.4 (c), which is accompanied by an increase in lattice parameters
a = b and c. Beyond Pr, i.e. for trivalent La since Ce is tetravalent, the T’-
structure could hitherto not be prepared in the bulk, but thin film results on
La2−xCexCuO4 of T’-structure confirm this trend [Naito et al., 2002].
A major distinction of electron-doped cuprates are the rather low upper criti-
cal fields, Hc2, as compared to those of hole-doped HTSCs, e.g. for Pr2−xCexCuO4
superconductivity is entirely suppressed by a field of 10 T at 2 K for all dopings
[Balci et al., 2003].
Since electron and hole contributions to transport in electron-doped cuprates
have been reported [Fournier et al., 1997; Gollnik and Naito, 1998; Wang et al.,
1991] the electron-doping effect of Ce substitution might be called into ques-
tion. It was shown, however, that substituted Ce is rather found as Ce4+ than
Ce3+ giving up one electron[Cummins and Egdell, 1993] and that furthermore
the mean count of Cu 3d10 electrons increases with Ce doping[Allen et al., 1990;
Sakisaka et al., 1990; Steeneken et al., 2003]. Also angle-resolved photo emission
spectroscopy (ARPES) finds Fermi surface changes appearing to confirm actual
electron doping with greater than half-filled bands (≈ 1 + x)[Armitage et al.,
2001; King et al., 1993; Park et al., 2008].
Another open question is the spatial homogeneity of the distribution of doped
electrons. Theoretically the loss of energy due to breaking of magnetic bonds
via charge doping can be reduced by phase separation into charge rich and poor
15
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regions [Emery and Kivelson, 1993] giving various structures such as puddles,
checkerboard or stripe patterns. The latter scenario being favored for hole-doped
cuprates by most of the literature, e.g. ample experimental evidence is comprised
by Kivelson et al. [2003]. For electron-doped cuprates presence or absence of
stripe order is less clear since many of its indicators in hole-doped HTSCs are not
found. First and foremost the doping-induced incommensurate spin and charge
fluctuations are not observed in electron-doped cuprates where the spin response
remains commensurate beyond optimal doping[Thurston et al., 1990; Yamada
et al., 1999, 2003].
The superconducting order parameter, similar to hole-doped HTSCs, is pre-
dominantly of d-wave symmetry as established by various experimental tech-
niques [Armitage et al., 2010].
A pseudogap is also observed in electron-doped cuprates by optical spec-
troscopy [Onose et al., 2004] as well as ARPES [Matsui et al., 2005], where it
is associated with long-range antiferromagnetic correlations far above TN. How-
ever, it is not neccessarily of similar origin as the PG observed in hole-doped
HTSCs. A number of observations associated with the hole-doped PG, such as
spin pseudo gap seen by NMR [Alloul et al., 1989; Curro et al., 1997], are not
found in electron-doped cuprates.
For a more extensive and fairly recent review of experimental findings on
electron-doped HTSCs the interested reader is referred to Armitage et al. [2010].
NMR contributions to the investigation of electron-doped HTSCs are reviewed in
the following subsection.
2.4 NMR of HTSCs - Hole- vs. Electron-Doped
Probing locally the magnetic and electronic environment of the nuclear spin,
NMR is a powerful tool that provided many insights into HTSCs. Among other
things NMR has provided evidence for spin-singlet pairing (through Knight shift
K in the superconducting state), the d-wave symmetry of the superconducting or-
der parameter (through measurements of the spin-lattice relaxation time T1), the
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two-component character of the electronic spin-susceptibilty∗(via Knight shifts
of different nuclei), distribution of doped charges in the CuO2 plane (through
quadrupole frequencies νQ), stripe order and the spin pseudo gap. The inter-
ested reader is referred to Slichter’s Chapter 5 in Schrieffer and Brooks [2007] or
Walstedt [2008] for a more extensive review.
Unfortunately almost all of the above listed insights from NMR are limited to
the hole-doped side of the phase diagram. For electron-doped cuprates reports
are much scarcer, limited to Cu NMR† and in many cases results are obscured.
A major obstacle in the interpretation of NMR results is the presence of the
unpaired RE 4f electronic spin that may affect magnetic shifts [Williams et al.,
2004] and linewidths [Williams et al., 2011] as well as relaxation behaviour probed
by NMR, as for instance discussed in Sec. 5.3.1 and App. B.2.
Another impediment is that all 63Cu spectra observed in electron-doped HTSCs
lack resolvable satellite transition lines that are expected for a spin 3/2. Instead
a broad background underlying the central transitionis unanimously reported,
cf. Fig. 2.5 (d,e), and attributed to a broad, doping-induced charge distribution
resulting in smeared out satellites. Such a scenario not only hampers the deter-
mination of the EFG at the Cu nuclei via NMR, but also any NMR relaxation
experiment is sensitive to excitation conditions, i.e. proper interpretation requires
knowledge of which transitions were excited. Besides experimental identification
of the Cu central transitionin Sr1−xLaxCuO2 by Imai et al. [1995], through nuta-
tion experiments and field-dependence of the shift, no experimental verification
of the widely-accepted scenario has been reported until it was recently confirmed
in the course of this investigation [Jurkutat et al., 2013].
The extent of the antiferromagnetic regime in electron-doped cuprates consti-
tutes another obstacle for the 63Cu NMR investigation of electron-doped cuprates.
In the vicinity of TN the slowing of electronic spin fluctuations causes a strong
increase in the Cu spin-lattice relaxation rate rendering Cu NMR near impossible
over a wide temperature range.
∗The widely-accepted one-component picture was also based on NMR data of
YBa2Cu3O6+y, cf. e.g. Takigawa et al. [1991]. Mounting contrary evidence, however, demands
reconsideration of this view, cf. e.g. Haase et al. [2009].
†with the exception of Bakharev et al. [1992]; Bakharev et al. [1990] reporting on 141Pr
NMR
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Figure 2.5: NMR spectral data of electron-doped cuprates extracted from the
literature. (a) HF field at the Cu nuclear site in T’-structure for different rare-
earths as extracted from zero-field NMR [Kumagai et al., 1991]. Parent (b,c)
[Kohori et al., 1989; Mikhalev et al., 1998] and electron-doped (d,e) [Imai et al.,
1995; Williams et al., 2004] spectra for infinite-layer (b,d) and T’-structure (c,e).
(b,c) show partially overlapping triplets of resonance lines of 63Cu and 65Cu with
the splitting−1
2
· 63/65νQ since the antiferromagnetic ordering is in-plane, BAF ⊥ c.
(d,e) Both orientations of the external magnetic field, c ⊥ B0 (black) and c ‖ B0
(red), show only a single resonance with a broad, underlying background.
Despite these obstructions the comparatively simple structures (infinite layer
as well as T’-structure), and the low upper critical fields signify advantages for
the NMR investigation of electron-doped over many hole-doped HTSCs.
For the sake of completeness and owing to the lack of an overview elsewhere, all
NMR reports on electron-doped cuprates that the author is aware of will be listed
in the following. Chronology is observed unless topical connections interfere.
The parent material Nd2CuO4 could be characterized very early on using zero-
field NMR [Abe et al., 1989; Kohori et al., 1989; Kumagai et al., 1989; Yoshinari
et al., 1990] such that the parent quadrupole splitting of 63Cu (14 MHz) and
the HF field due to the antiferromagnetic electronic ordering (100 kOe) could be
18
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determined, cf. Fig. 2.5 (c).
At the same time, the absence of quadrupolar satellites in the 63Cu spectrum
in the electron-doped regime was interpreted as a vanishing EFG for Ce-doped
Nd2−xCexCuO4 [Abe et al., 1989; Kumagai et al., 1989; Zheng et al., 1989] as well
as Th-doped Nd2CuO4 and Pr2CuO4 [Kohori et al., 1989]. In addition, Zheng
et al. [1989] found that T1 as well as magnetic shift and linewidth are dominated
by the Nd 4f moment.
Subsequently, NMR studies extended to other T’-cuprates, that showed a
rare-earth dependence of the Cu HF field in the antiferromagnetic parent mate-
rials [Kumagai et al., 1990a,b, 1991], cf. Fig. 2.5 (a), as well as “similar” 63Cu
quadrupole splittings∗. In electron-doped Pr2−xCexCuO4 and Sm2−xCexCuO4
63Cu NMR revealed a much smaller effect of the rare-earth moment compared to
Nd2−xCexCuO4, such that for optimal doping Cu NMR shows metal-like features,
like a largely temperature-independent shift and 63T−11 ∝ T , i.e. both obeying
the Korringa relation [Kumagai et al., 1990a,b]. Also the broad extent of the an-
tiferromagnetic state (x < 0.14) up to the superconducting regime was confirmed
for Pr2−xCexCuO4.
A combined investigation of 141Pr and 63Cu in Pr1.85Ce0.15CuO4 revealed two
distinct Pr sites attributed to the Ce distribution as well as a quadrupolar 63T1
at liquid 4He temperatures that was attributed to “charge transfer (Ln4+ holes)†
along the system of rare-earth atoms”[Bakharev et al., 1992; Bakharev et al.,
1990; Bakharev et al., 1990; Bakharev et al., 1992; Teplov et al., 1991].
The comparison of reduced and oxidized Nd2−xCexCuO4 by Kambe et al.
[1991] showed a magnetically ordered state in oxidized Nd1.85Ce0.15CuO4 that is
supressed by oxygen reduction. Much later Bakharev et al. [2004] studied reduced
and then re-oxygenated Nd1.85Ce0.15CuO4, similarly finding antiferromagnetic or-
der from which they concluded a competition between superconductivity and “a
genuine type I Mott-insulating state” in electron-doped cuprates.
Using 67Cu Mössbauer spectroscoppy Seregin et al. [1993] showed that the
Cu EFG in Nd1.85Ce0.15CuO4 indicates the distribution of doped electrons among
∗It should be noted that only the HF fields of T’-parents other than Nd2CuO4 were ever
published. No spectra, quadrupole splittings or other NMR data on T’ parent materials could
be found despite extensive literature research.
†Ln refers to to lanthanide.
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the Cu sites, in accord with the observations of 63Cu NMR. Subsequent work by
Bordovskii et al. [2008] confirmed these results and showed that doped holes in
La2−xSrxCuO4, in contrast, are predominantly localized at the planar O sites,
also in agreement with NMR results [Haase et al., 2004].
The first reports on the infinite layer Sr1.9La0.1CuO2 by Imai et al. [1994, 1995]
also found no 63Cu satellites but a broad background and identified the central
transition as mentioned above. Their measurements of the Cu spin-lattice re-
laxation revealed similarities to the hole-doped HTSCs, such as a Curie-Weiss
behaviour of 1/63T1T indicating enhanced spin-fluctuations and an absence of
a Hebel-Slichter peak in 1/63T1 such that the superconducting order parameter
can be assumed to be not s-wave. An investigation of powder samples of dif-
ferent dopings of Sr1−xLaxCuO2 confirmed these results [Mikhalev et al., 1998,
2004], additionally showing metallic (T -independent) shifts, as well as a doping-
induced decrease of the Cu EFG. Interestingly, Verkhovskii et al. [2003] reported
pseudogap-like shift decrease above Tc in underdoped Sr0.93La0.7CuO2 that was
not found for optimally doped Sr1.9La0.1CuO2 [Williams et al., 2002].
A 63Cu NMR investigation by Zheng et al. [2003] of the under-doped T’ system
Pr0.91LaCe0.09CuO4, where La-substitution dilutes the 4f moments, also showed
no pseudo-gap features in the temperature-dependent shift. In fact they showed a
Fermi-liquid like (T-independent below 55 K) Knight shift above Tc that even per-
sists down to 10 K upon suppression of Tc by a strong magnetic field (28 T). This
metallic behaviour is also evidenced by T−11 ∝ T down to lowest temperatures
when Tc is suppressed. Similar to the infinite layer compound and hole-doped
HTSCs, T1T below Tc indicates a disordered d-wave symmetry of the supercon-
ducting order parameter.
Williams et al. [2004] concluded doping-independent spin fluctuations in a
63Cu NMR study of Pr2−xCexCuO4 (x =0.10, 0.15, 0.20) from shift and T1 mea-
surements. Both showed temperature dependencies which are very similar for all
investigated dopings. Similar to hole-doped cuprates, Sr1.9La0.1CuO2 and under-
doped Pr2−xCexCuO4 (below x ≈ 0.13) display a reduction of Cu NMR signal
intensity at low temperatures, the so-called Cu NMR wipe-out [Williams and
Haase, 2007; Williams et al., 2005]. This phenomenon is not heralded by changes
in NMR relaxation or shift parameters, such that the effect is attributed to “a
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spatially inhomogeneous and sudden slowing down of the electron spin dynamics”
[Williams et al., 2005].
A fundamental difference between hole and electron doping, in terms of NMR
phenomenology, is in the observed Cu spin echo decays. While hole-doped cuprates
exhibit rather fast Gaussian decay rates that are associated with an indirect cou-
pling mediated by electronic spin-susceptibility, the electron-doped HTSCs show
comparatively slow Lorentzian echo decay rates [Verkhovskii et al., 2003; Williams
and Haase, 2007; Williams et al., 2005].
A detailed study of the 63Cu spin echo decay rate in Pr1.85Ce0.15CuO4 by Zam-
borszky et al. [2004] revealed an increase below ≈ 55 K and a strong dependence
on the excitation pulse parameters for temperatures below ≈ 20 K. From the
results of their experiments they propose “a spatially varying local magnetic or
electronic field of non-nuclear origin whose configuration at low temperatures is
changed by the rf pulses.”∗
The latest publications of NMR on electron-doped cuprates are in connection
with the author’s investigations in the field. Williams et al. [2011] studied “spin
density oscillation and modification of the low energy spin fluctuation” by partial
substitution of Ni for Cu in Pr2−xCexCuO4. As already mentioned above, in
Jurkutat et al. [2013] the long-established quadrupole scenario is unambiguously
confirmed, cf. Sec. 5.2.1. In Jurkutat et al. [2014] it is shown that the distribution
of doped and inherent charges in the CuO2 plane may be determined from NMR
quadrupole splittings of 17O and 63Cu , cf. Sec. 5.3.2-5.3.4.
∗Zamborszky et al. [2004] entirely disregard the overlap of the central transition with broad-
ened satellites, which may account for the dependence on excitation conditions observed at low
T . As will be shown in Sec. 5.3.1 and also App. B.2, their data combined with results of this
work as well as literature data can be explained in terms of slowing of Pr 141T−11 below T ≈ 55 K





Nuclear Magnetic Resonance is a highly versatile technique that is capable of
probing nearly any system and state of matter, provided that there are nuclei
with non-zero spin, I 6= 0, present. Fortunately almost every element has at least
one stable isotope with non-zero spin and is therefore accessible. Some of the
most useful features of NMR are, that it is:
• probing magnetic (for I > 0) and electric (for I > 1/2) properties
• a bulk probe that investigates the entire sample, barring of course pene-
tration depth problems for conducting or even superconducting systems
• non-destructive as only radio frequency (RF) pulses are employed (with
frequencies from ∼ 101 to ∼ 103 MHz and average powers typically well
below 0.1 mW)
• versatile, probing any state of matter without requiring particular sample
shape or surface treatment
• site-selective, in that nuclei of a particular isotope that have a different
environment may be studied seperately




As evidenced by the range of applications and techniques that have been
and are constantly being developed in different fields of research, the wealth of
scientific insight is almost inexhaustible.
Since a thorough introduction to NMR would exceed the scope of this work
and there is abundant literature, e.g. for solid state NMR Slichter [1990] and
Abragam [1961], this section will be limited to an outline of basic concepts
and principles, with some more elaboration on the particulars of the NMR of
quadrupolar nuclei (I > 1/2) that are relevant for this work.
3.1 Nuclear Magnetic Resonances ...
A nucleus with non-zero spin I ≥ 1/2 in a strong external magnetic field B0
experiences a Zeeman splitting into (2I + 1) spin states, cf. Fig. 3.1. The energy
difference between adjacent levels ∆E = ~ω0 is given by the Larmor frequency
which is determined by the resonance condition:
ω0 = 2πν0 = γI ·Beff , (3.1)
where γI is the isotope-specific gyromagnetic ratio and Beff the effective local
magnetic field experienced by the nucleus that may differ from B0 due to orbital
and spin moments of the surrounding electrons. This is expressed in the field-
independent NMR shift K = (ν0−νref)/νref that is experimentally determined by
measuring a reference compound. As the magnetic shift is usually dependent on
the direction of B0 (defined as z-direction), it is expressed as a tensor Kij that is
characterized by its principal axis components KXX , KY Y and KZZ , which reflect
the local symmetry of the nuclear site. It maybe decomposed into an isotropic
and an anisotropic contribution:
Kzz(α, β, ηK) = Kiso +Kani · A(α, β, ηK) (3.2)
with Kiso = (KXX +KY Y +KZZ)/3 and Kani = KZZ −Kiso.
The angular dependence is then characterized by a set of Euler angles α, β




























Figure 3.1: Exemplifying scheme for I = 3/2 of spin state energies (top) and
corresponding spectra (bottom). Degeneracy of energy levels at B0 = 0 (left)
is lifted by the Zeeman interaction B0 6= 0 (middle), such that equidistantly
separated energy states yield degenerate transitions. Presence of an EFG (Vij 6=
0) further alters spin state energies in first-order quadrupole IA such that 2I
resonances can be recorded (right).
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frame (B0 ‖ z) and an asymmetry parameter ηK = (KXX−KY Y )/Kani as follows:










For quadrupolar nuclei (I > 1/2) an additional electric quadrupole interaction
can cause a splitting of the degenerate 2I Zeeman resonances if there is an EFG
present, as also illustrated in Fig. 3.1. In first-order this perturbation alters the
energies of the spin states (m = −I,−I + 1, .., I) such that the frequency of each
transition (m↔ m− 1) changes from ν0 according to:
ν ′Q,m = (m− 1/2) · ν ′Q = (m− 1/2) · νQ · A(φ, θ, ηQ) . (3.4)
Here φ, θ denote the Euler angles characterizing the orientation of the traceless
EFG tensor with principal components that are conventionally assigned such
that |VXX | ≤ |VY Y | ≤ |VZZ |. The ηQ = (VXX − VY Y )/VZZ and the quadrupole





where eQ is the nucleus’ electric quadrupole moment. The angular dependence
of the quadrupole splitting in (3.4) is also given by (3.3). However a different set
of Euler angles is used to stress that the orientations of Kij and Vij may differ,
even though both should reflect the site’s symmetry.
The central transition (CT) for half-integer nuclei (m = +1/2 in (3.4)) is not
affected in first-order quadrupole interaction. At lower field strengths (or for a
stronger quadrupole interaction), however, second-order quadrupolar effects can






·B(φ, θ, ηQ) (3.6)
with a much more complex angular dependence:




I(I + 1)− 3
4
]
· [(C1(φ, ηQ)cos4θ+C2(φ, ηQ)cos2θ+C3(φ, ηQ)],
(3.7)
where C1, C2 and C3 can be found elsewhere [Freude and Haase, 1993]. In case
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of a symmetric Vij (ηQ = 0) the coefficients C1, C2 and C3 are simply constants
equal to -27/8, 15/4 and -3/8.
To sum up, for a spin I > 1/2 with a non-zero EFG at the nuclear site we
may find a set of 2I resonances. The resonance frequency of the CT is given by
the resonance condition, possibly shifted by second-order quadrupolar effects:
ν+1/2,zz = γ(1 +Kzz)B0 + ν
(2)
Q,+1/2 (3.8)
while the satellite transitions (STs) are equidistantly shifted from the CT with
their resonance frequency given by:
νm 6=+1/2,zz = γ(1 +Kzz)B0 + ν
′
Q,m (3.9)
3.2 ...and their Excitation
NMR is based on exciting transitions between nuclear spin states by employing an
alternating magnetic field BRF at frequencies matching the transitional energies.
In order to observe a signal in pulsed NMR, it is neccessary to flip the sample’s
macroscopic nuclear magnetization (M ‖ B0 ‖ z)∗ into the xy-plane. This is
achieved by applying a short RF pulse to a coil that envelopes the sample and
the axis of which is preferably perpendicular to B0. For a spin-1/2 (or higher with
degenerate transitions) the macroscopic magnetization, in the rotating frame (at




γBRF sin θRF | (3.10)
where θRF is the angle between B0 and the coil’s axis.
Choosing BRF and the pulse duration tp such that ωnuttp = π/2, the macro-
scopic magnetization will have been turned from the z-direction into the xy-plane.
Such a pulse is referred to as a π/2-pulse.
The nuclear spins thus rotated into a 90◦-angle with the external magnetic
field, will precess with ω0 about the B0 ‖ z, barring relaxation processes, cf.
∗In the first place, a non-zero equilibrium macroscopic nuclear magnetization arises only in
an external field B0 and is established through spin-lattice IA, cf. Sec. 3.4.1.
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Sec. 3.4, and thereby induce a measurable alternating voltage in the coil.
For quadrupolar nuclei with non-zero quadrupole interaction a π/2-pulse is
not uniquely defined, but may nonetheless be specified for particular spins and
transitions, cf. e.g. Man et al. [1988]. Furthermore, the spectral intensities for
various transitions differ and depend on the excitation conditions, in particular
on the bandwidth of the excitation pulse.
For a sufficiently soft RF pulse (ωnut  ωQ) on a particular resonance (m↔
m−1), only the two states irradiated on resonance will be affected strongly. This
so-called selective excitation (SE) has a shorter π/2-pulse length tπ/2,SE than





I(I + 1)−m(m− 1)
(3.11)






I(I + 1)−m(m− 1)
I∑
m=−I+1
I(I + 1)−m(m− 1)
(3.12)
In case of very short, hard pulses (ωnut  ωQ), i.e. non-selective excitation
(NSE), all transitions and levels are affected such that the π/2-pulse is unchanged
from the degenerate case.∗ The overall signal intensity is also unchanged with




I(I + 1)−m(m− 1)
I∑
m=−I+1
I(I + 1)−m(m− 1)
(3.13)
The relative intensities and pulse lengths for SE and NSE of spins 3/2 and
5/2 are listed in Tab. 3.1.
∗This is barring the effects of ’forbidden’, i.e. higher-order transitions with ∆m > 1, cf.
Haase et al. [1994].
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Table 3.1: Relative pulse lengths and spectral intensities for different transitions


























CT 1/3 1 3/35 9/35
3.3 Linewidth
As the resonance lines in solids have considerable widths as compared to for
example liquids, it is convenient to shortly consider the various contributors.
Even in the limit of infinitely sharp shift and EFG distributions, and a per-
fectly homogeneous B0, nuclear spins I will nonetheless experience dipolar fields
of surrounding nuclear spins that depend on the Zeeman states these are in. This
effect will further depend on whether these are homonuclear (I-spins), of the
same species and therefore on resonance, or heteronuclear (S-spins), of a differ-
ent species. The dipolar interaction between spins j, k for the homonuclear case
I-I is given by:
HIIjk = djk (3IjzIkz − Ij · Ik) (3.14)
and for the heteronuclear case I-S by
HISjk = djk (2IjzSkz) (3.15)
where the coupling djk depends on the angle θjk between the vector connecting













While an overall shift contribution is not expected for T  0 K since all
spin states are approximately equally populated, an overall broadening of the
resonance line is. Using the method of moments [Slichter, 1990] one can determine
the so-called dipolar second moment that reflects the distribution of local dipolar




















simply add up and the overall dipolar linewidth, σDD =
√
〈ω2〉II + 〈ω2〉IS, is
readily calculated. Here NI is the number of I spins that is averaged over. In
practice N−1I
∑j∈I
j can usually be dropped as ideally all nuclei of one site have
the same environment. Furthermore it is most often sufficient to sum only over
first few neighbors as d2jk ∝ r−6jk falls off to zero rather rapidly. The sum of (3.17)
and (3.18) represents a field-independent lower bound for linewidth of an NMR
resonance line.
In addition a spatial distribution of the shift tensor Kij will give a distribu-
tion of resonance frequencies proportional to B0 which is referred to magnetic
linewidth. This will affect the CT and STs similarly (see (3.8) and (3.9)).
Quadrupolar linewidth, due to spatial distributions of the EFG tensor Vij,
will in first-order only affect the STs (see (3.9)) independent of B0. Only in
second-order will an EFG-distribution affect the linewidth of CT with the effect
inversely proportional to B0, cf. (3.6).
As is to be expected in such inherently inhomogeneuos systems like most
HTSCs, due to their solid solution character, an abundance of sources of spatial
inhomogeneity are present. Many of which affect local magnetic as well as elec-
tronic properties. The above-mentioned magnetic and quadrupolar distributions
may therefore have non-zero correlations, complicating the separation of effects
as will be discussed later in the analysis, cf. Ch. 5. A simple approach, lacking
30
3. NMR
closer knowledge of quadrupolar and magnetic distributions, is to analyze the
experimentally determined width σexp,n of the various transitions (n = m − 1/2

















where σM and σQ reflect shift and EFG distributions, respectively, and 〈σMσQ〉
gives their correlation. The second-order quadrupole contribution σ
(2)
Q,n is only






· B(φ, θ, ηQ), i.e. it is linear in the quadrupole distribution
as well as its principal value. The dipolar linewidth contribution σDD affects all
lines similarly, is a readily calculated quantity as discussed above and usually
negligible in the systems under study.†
The different contributions may be identified when inspecting the transition
and field dependence of the linewidth as illustrated in Fig. 3.2. Here, spin 5/2
spectra for different scenarios are sketched in Fig. 3.2 (a)-(e) and their transition
dependent linewidths corresponding to (3.19) are depicted in Fig. 3.2 (f). The
transition dependent squared linewidth can be fitted by a second order polyno-
mial, such that the offset is given by dipolar and magnetic contributions, the
quadratic part by first-order quadrupolar broadening, and the linear term gives
the correlation 〈σMσQ〉. Fig. 3.2 (g) shows the field dependence of the linewidths
of the central transition and outer satellite transitions corresponding to the sce-
nario in Fig. 3.2 (d) where magnetic and quadrupolar broadening occur without
a correlation of these distributions (the precise case of (d) with σM = σQ is in-
dicated by a purple dotted vertical line). The central transition’s width is domi-
nated by magnetic broadening except at low fields where dipolar and second-order
quadrupolar effects may contribute as well. The satellite transitions’ widths also
have first-order quadrupole broadening that dominates at low fields, but becomes
negligible compared to the magnetic broadening for sufficiently high B0.
∗Validity of all equations herein is only given in the high-field regime, i.e. with a dominant
Zeeman interaction.
†An indirect coupling as found for hole-doped HTSCs would off course have to be taken
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Figure 3.2: Linewidth contributions in single crystal NMR for spin 5/2. (a)-(e)
sketches of spectra with different contributions: (a) only dipolar, (b) magnetic,
(c) quadrupolar, and (d,e) combination of magnetic and quadrupolar broadening
(d) without and (e) with maximal correlation. (f) shows transition-dependent
squared linewidth corresponding to scenarios (a)-(e) as given by (3.19). (g) shows
magnetic field dependence of central and outer satellite linewidth corresponding




A lot of insight into a systems’ dynamics can be gained from the study of its
nuclear relaxation mechanisms. The relaxation processes are the spin-lattice re-
laxation, longitudinal to B0 and characterized by the time constant T1, and the
spin-spin relaxation, transverse to B0 and characterized by the time constant
T2 . The two concepts are fundamentally different, as will be discussed below,
and both provide insights into the dynamics of a system. While, for instance,
the transverse relaxation gives information about the real part of the electron-
spin susceptibility, the longitudinal relaxation is a probe of its imaginary part
[Schrieffer and Brooks, 2007].
3.4.1 T1 - Spin-lattice relaxation
The spin-lattice relaxation rate T−11 characterizes the interaction of the spin-
system with the exterior (the ’lattice’) which functions as a ’heat-bath’ in the
thermodynamic sense, allowing for an energy exchange with the spin system and
thereby establishing a thermodynamic equilibrium.
The equilibrium state is described by Boltzmann-statistics giving a relative




The macroscopic equilibrium magnetization of a spin-system of N nuclear spins





This macroscopic magnetization M0 ∝ NB0/T is essentially what NMR probes.
Therefore the NMR signal intensity is not only field- and temperature-dependent,
but also allows for quantative measurements.
Placing a non-magnetized system of nuclear spins into an external magnetic
field B0 the Zeeman interaction lifts the degeneracy of the nuclear spin states
changing their respective energies. Since all states are initially equally populated,
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the system is at a, so to speak, infinite spin-temperature. Only through coupling
to magnetic (or for quadrupolar nuclei also EFG) fluctuations (of the ’lattice’)
may the nuclear spins go from one state to another, whereby eventually the
equilibrium state will be achieved.






Similarly for spin-1/2 nuclei or quadrupolar nuclei with degenerate transitions,
i.e. in absence of an EFG, e−t/T1 will describe the spin-lattice relaxation of any
deviation from the equilibrium state.
For quadrupolar nuclei with non-degenerate transitions (νQ 6= 0) the spin-
lattice relaxation is more complex and requires multi-exponential description that
depends on the nuclear spin I, the excitation conditions and the nature of the
lattice fluctuations. Many scenarios are described in [Suter et al., 1998] and
referrences therein.
This complexity arises due to the fact that the 2I+1 spin states are mutually
coupled and that the various transitions are affected quite differently by magnetic
or EFG fluctuations. This is indicated for spins I = 3/2 , 5/2 in Fig. 3.3 where
W reflects the spectral density of magnetic fluctuations and W1,2 those of EFG
fluctuations inducing ∆m = 1, 2-transitions.











where b gives the degree of inversion (b = 1 for saturation and b = 2 for perfect
inversion) of the transition, the rates λi of the different relaxation modes depend
on the nature of the relaxation (magnetic/quadrupolar), while the coefficients
ai also depend on the excitation conditions. The respective values for the cases
relevant for this work can be found in Table 3.2 and their derivation in App. A.2.
Interestingly, as Suter et al. [1998] point out, despite the intricate dependence
of the ai and λi on the quadrupolar and/or magnetic nature of the relaxation,




































Figure 3.3: Magnetic transition rates (W with ∆m = 1) and quadrupolar tran-
sition rates (W1,2 with ∆m = 1, 2) between spin states m for left: spin-3/2 and
right: spin-5/2 nuclei.
mechanism is astonishingly robust against variations of W : W1 : W2. In fact,
only the measurement of various transitions and if possible different isotopes of
one element can provide sufficiently precise results to judge the nature of the
relaxation mechanism. Another possibility of distinction is through sequences
preparing rather exotic excitations of the spin system, e.g. given in Suter et al.
[2000]. Such attempts, however, are not only experimentally demanding, but also
require a “well-behaved” spin system that is hardly found in the systems under
study.
Fortunately, as also pointed out by Suter et al. [1998], the extracted values of
T1 are also very robust against a misconjectured mechanism, e.g. determining T1
under the assumption of magnetic relaxation, one finds reasonably good values
for W even if EFG fluctuations are non-negligible (W ∼ W1,W2).
3.4.2 T2 - Spin-spin relaxation
The transverse relaxation is due to increasing phase decoherence of the nuclear
spins in the xy-plane causing a decrease in the measurable macroscopic magne-
tization. The spin-spin relaxation is not related to an energy loss of the spin
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Table 3.2: Coefficients of magnetic spin-lattice relaxation for selective inversion
recovery of a single resonance. For the rates of magnetic relaxation we have
λ1 = 1/T1, λ2 = 3/T1, λ3 = 6/T1, λ4 = 10/T1 and λ5 = 15/T1.
I transition a1 a2 a3 a4 a5
3/2
ST 0.1 0.5 0.4 0 0
CT 0.1 0 0.9 0 0
5/2
outer ST 1/35 3/14 2/5 2/7 1/14
inner ST 1/35 3/56 1/40 25/56 25/56
CT 1/35 0 8/45 0 50/63
system to the lattice, however, T1-effects must be accounted for as will be dis-
cussed below. The loss of phase coherence is caused by a distribution of local
fields experienced by the nuclei that can be static as well as fluctuating and of
various origin. Again the focus will be on effects and phenomena relevant to this
study.
As the matter is quite complex and contributions numerous it is useful to start
with a simple situation and work one’s way through increasingly complicated
scenarios. First we will assume all sources for locally varying magnetic fields to
be static and consider the simplest experiment in pulsed NMR.
The free induction decay (FID) is the signal that is observed after applying
a π/2-pulse, and thereby flipping the spins’ z-magnetization into the xy-plane.
These will loose coherence according to the spread of the distribution of local fields
experienced by the nuclei. As illustrated in Fig. 3.4 a Lorentzian distribution
in frequency, i.e. local field, is related to an exponential decay ∝ exp−t/T2
where the decay rate is given by the full width at half-maximum (FWHM) Γ as






with T−12G = πΓ/
√
2ln2.
Unfortunately the signal decay in many solids due to static inhomogeneities
is rather fast such that the signal is substantially decreased within the deadtime
of the spectrometer and virtually no FID is measurable. Except for homonuclear







































Figure 3.4: Lorentzian (top) and Gaussian (bottom) FID (left) and corresponding
Fourier transformation (FT) spectra (right).
The spin echo or also called Hahn-echo uses a π-pulse following the initial
π/2-pulse after a seperation time τ to invert all acquired phase offsets. After
another time interval τ the phase offsets due to static contributions will be recov-
ered and an echo is formed 2τ after the π/2-pulse with its envelope nonetheless
given by the FID as illustrated in Fig. 3.5. As all homonuclear spins (of the same
transition) are inverted as well by the π-pulse, their contribution to the phase de-






. In case of
only direct dipolar couplings the Gaussian relaxation rate 1/T2G,II = 〈ω2〉1/2II de-
pends on the homonuclear dipolar second moment 〈ω2〉II .∗ An additional indirect
dipolar coupling can also be found in various systems, for example through bond-
ing electrons (scalar or J-coupling) or through antiferromagnetically correlated
electrons, as found in h-doped HTSCs [Schrieffer and Brooks, 2007].
If the longitudinal magnetization of the I-spins is no longer static (IT1 6=∞),
i.e. IT1-fluctuations may occur within 2τ , the above described Gaussian decay due
∗The calculation of 〈ω2〉II must consider the excitation conditions, e.g. for selective excita-
tion of the central transition (1/2↔ −1/2) only 22I+1 of the I spins contribute with an effective





Figure 3.5: Sketch of spin echo sequence - the rapidly decaying FID signal follow-
ing the π/2-pulse is refocussed employing a π-pulse at time τ to give an echo at
time 2τ . Part of the dephasing is not reversible by the π-pulse yielding an echo
decay with increasing τ(r).
to direct dipolar coupling will only be observed for short τ  IT1. Additionally





due to spin-lattice relaxation
that is often termed Redfield-contribution [Slichter, 1990]. This is strictly speak-
ing not a spin-spin relaxation process as it is not related to a dephasing in the
xy-plane due to nuclear spin-spin interactions, but rather a decrease of trans-
verse magnetization due to spin-lattice relaxation. Walstedt and Cheong [1995]
give a general formula for the CT of an arbitrary odd half integer spin I with
anisotropic spin-lattice relaxation: T−12R,z = T
−1






which is in agreement with other formulations [Imai et al., 1993; Pennington,
1989]. Since in many cases in this study the CT overlaps with transitions of
other sites, an unimpaired measurement of the spin echo decay was only possible
for satellite transitions. Expanding the argument of Walstedt and Cheong [1995]
and noting that the spin-lattice transition rate for a particular transition is given
by Wm,m−1 = W (I(I + 1) −m(m − 1)) with (T−11 = 2W ) one may infer an ex-
pression for the other transitions(m 6= +1/2) as well, by replacing (I(I + 1) + 1
4
)
with (I(I + 1)−m(m− 1)) which gives:
T−12R,z = T
−1






A derivation of this expression using Redfield theory in analogy to Pennington
[1989] can be found in App. A.1. This gives a very good agreement of the spin-
spin relaxation observed for different transitions of the same spectrum, e.g. in
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17O NMR of single crystal samples discussed in Sec. 5.2.2.
In case of ST1-fluctuations of surrounding S-spins within 2τ also the het-
eronuclear interactions will not be refocussed at 2τ and there will be further
contributions to the echo decay. Their character, however, strongly depends on
the heteronuclear dipolar coupling 〈ω2〉IS and the rate of the ST1-fluctuations.
Walstedt and Cheong [1995] showed that in the limit of small narrowing pa-
rameter (NP) ST1 · 〈ω2〉1/2IS ≤ 1/4 one finds an exponential decay contribution
∝ exp−(2τ)/T2,IS with the rate given by T−12,IS = ST1 · 〈ω2〉IS. They showed that
as the NP increases the resulting echo decay gets more of a Gaussian character
with a maximal effect with a NP around unity. Upon further increase the influ-
ence of ST1 on the echo decay weakens and for
ST1 · 〈ω2〉1/2IS  1 there is no effect
(static limit).
Subsequently, Recchia et al. [1996] used a Gaussian-approximation formalism
that provides an analytic description independent of the NP. They consider an
arbitrary source (not neccessarily nuclear magnetic moments) causing a local
field h0 at the site of the I spin and assume the fluctuations to correspond to a
Lorentzian auto-correlation time τC . Under the assumption that the distribution
of phases of the I spins at time 2τ caused by the fluctuations of said source is












where the sum runs over all contributing individual sources i.
For ST1-fluctuations this translates to:
M(2τ) = M0 ·exp[−〈ω2〉IS ST 21 {[2τ/ ST1]+4e−(2τ)/(2
ST1)−e−(2τ)/ ST1−3}] (3.26)







for the near-static regime τ/ ST1  1.
Since (3.26) is not really handy, a useful visualization of the effect is given
by considering the effective T2,eff . This refers to the time for which the echo
intensity has dropped by a factor of 1/e. T2,eff can be obtained by numerically



































Figure 3.6: IT2,eff of I spins due to coupling 〈ω2〉IS to ST1-fluctuations of S
spin system. Also indicated are the limit of small NP ST1 · 〈ω2〉1/2IS ≤ 1/4 (r)
below which Walstedt’s exponential description is valid, and ST1 ·〈ω2〉1/2IS = 1 (—)
whereabout IT2,eff(
ST1) is minimal for the respective 〈ω2〉IS .
the shortest IT2,eff for strong coupling to rapid
ST1-fluctuations (upper left cor-
ner). Maybe less immediate is the rather long IT2,eff for weak coupling to fast
fluctuations (lower left corner) where we have exponential behaviour as described
by Walstedt and Cheong [1995] (below dashed line). A minimum of T2,eff for
constant coupling is found for a NP of unity (solid line).
A summary of the contributions to the spin echo decay discussed here is given
in Table 3.3. It should be emphasized that the analysis of transverse relaxation
can be quite complicated due to the abundance of contributions, their possible
dependence on excitation conditions and possible non-trivial interplay between
different effects. An example for the latter is for instance that spin-lattice effects
might have to be taken into account in case of an indirect coupling as shown by
Curro and Slichter [1998].
In practice, lacking a priori knowledge of the relevant spin echo decay contri-
butions, it is useful to denote the purely experimentally found Lorentzian spin
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Table 3.3: Summary of contributions to spin echo decay discussed in the text.
contribution/ exponent rate T−12... condition
origin of decay given by (relevant for)
homonuclear −(2τ)2/2T 22G,II 〈ω2〉
1/2
II τ  IT1 see text
Redfield −(2τ)/T2R see (3.24) IT−11 6= 0
magn. fluctuations see (3.25) see [Recchia et al., 1996]
↪→ e.g. fast −(2τ)/T2,IS ST1 · 〈ω2〉IS ST1 · 〈ω2〉1/2IS ≤ 1/4heteronuclear





After an outline of the sample preparation, this section contains a short descrip-
tion of the NMR setup as well as a characterization of the pulse sequences used.
The powder samples were, in part, prepared by myself during a 6 week visit
to a collaborator of our group and sample supplier Dr. G. Williams (, then at
the Industrial Research Ltd., Lower Hutt NZ). The single crystals were grown by
Prof. A. Erb at the Walther-Meissner-Institute, Munich.
The 17O-exchange, necessary due to its small natural abundance, for all sam-
ples was performed at Leipzig University by K. Koch and myself.
4.1 Sample Preparation
The samples of Pr2−xCexCuO4 and Nd2−xCexCuO4 investigated in this study are
listed in Table 4.1.
4.1.1 Powder Samples
The powder samples of Pr2−xCexCuO4 were made by the commonly used solid
state reaction [Williams et al., 2004]. A stoichiometric mixture of the respective
metal oxides, Pr6O11, CeO2 and Cu2O, was thoroughly ground and then pressed
into pellets. These were initially sintered in air for 6 h at 950◦C. This was followed
three consecutive sinterings at 1050◦C for 48 h with intermediate grindings to
increase the reaction surfaces and maximize the yield.
43
4. Experimental Details
Table 4.1: List of c-axis aligned powder samples (c-pwd) and single crystal
samples (sc) investigated in this study. Doping is given by the composite stoi-
chiometry. The superconducting temperature Tc was determined experimentally,
otherwise a literature value (∗) is given. Temperatures in the last column refer
to successful 17O-exchanges.
system type doping size Tc
17O-exchange
x temperature
% [mm3] [K] [◦C]
Pr2−xCexCuO4 c-pwd 10 7.8×3.4×3.3 19 800
Pr2−xCexCuO4 c-pwd 15 7.1×3.5×3.8 23 800
Pr2−xCexCuO4 c-pwd 15 7.9×3.4×3.2 25∗ 800
Pr2−xCexCuO4 c-pwd 20 7.0×4.6×3.1 17 800
Pr2−xCexCuO4 sc 0 2.4×3.4×2.2 0 800
Pr2−xCexCuO4 sc 5 3.3×4.5×1.5 0 800
Pr2−xCexCuO4 sc 10 3.0×5.8×1.4 10 850
Pr2−xCexCuO4 sc 15 2.8×3.6×0.4 25 850
Nd2−xCexCuO4 sc 0 2.9×4.1×1.8 0 850
Nd2−xCexCuO4 sc 13 2.2×2.8×0.6 8 900
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Using X-ray-diffraction the T’-structure was confirmed as well as the absence
of reactants and undesired products.
The oxygen reduction was achieved by annealing in Ar flow at 970◦C for 8 h
and then rapid quenching in liquid Nitrogen. Its success was then affirmed by
thermopower measurements and determination of Tc using a SQUID magnetome-
ter.
The c-axis alignment was achieved making use of the anisotropic magnetic
susceptibility, which is maximal in the ab-plane. A finely ground powder was
dispersed in a slow-curing, low-viscosity resin (Epotek 307). The sample mass
fraction was kept below 30% to avoid orientational bias from magnetic interaction
of the micro crystals. The mixture was then cured in a static magnetic field of
0.8 T while rotating (≈50 turns/minute) the sample with the axis of rotation
perpendicular to the field. Finally, the alignment was confirmed by taking an
XRD rocking curve.
4.1.2 Single Crystals
The single crystal growth was performed using the traveling solvent floating zone
technique as described in Lambacher et al. [2010] and Lambacher [2008], which
enables the preparation of single crystals over a wide doping range 0% ≤ x ≤ 16%.
In essence, this uses polycrystalline rods of the desired stoichiometry that are
prepared in a similar fashion as described in the previous subsection. A feed rod is
then vertically fed into a small, heated volume of CuO-rich melt. At the bottom of
this region of liquid flux, the melt crystallizes again on a seed rod (polycrystalline
of same composition). The entire procedure is highly sensitive to the experimental
conditions, such as pressure, atmospheric composition and temperature, which
have to be optimized for the desired Ce doping. Single crystals of varying size
may then be cut from the grown rod.
The annealing treatment for the single crystals does not only serve the oxygen
reduction, but also ”eliminates tension in the crystal and disorder in the metal
sublattice”[Lambacher, 2008]. The crystals, enclosed in a ceramic crucibles of the
same material in order to ensure a chemically homogeneous environment, were
annealed at temperatures close to the stability limit in pure Ar flow for 24 h
45
4. Experimental Details
and then slowly cooled. Beyond said limiting temperature the desired structure
is decomposed into the respective rare-earth oxides and cuprite. This limit is
fairly linear in Ce concentration x with a value of about 850◦C (800◦C) for the




The 17O exchange was performed using a home-built setup allowing for atmo-
sphere control up to temperatures of 900◦C, as well as the recovery of unex-
changed, and very costly 17O using a helium cooled cryostat, cf. Fig. 4.1.
The oven chamber containing the sample is initially evacuated and heated to
an annealing temperature that is identical or close to the exchange temperature∗.
After evacuating and annealing for several hours, gaseous 17O from the recovery
cryostat is introduced to the system and it is heated up to the exchange temper-
ature (listed in Table 4.1). Optionally additional, ’fresh’ 17O gas could be let in
from a gas container to reach exchange pressures between 0.8 and 1.0 bar. After
an exchange time of 2 days, the oven chamber was slowly cooled and then sealed
off from the rest of the setup. The 17O gas that was left in the setup (pipes etc.)
could then be frozen out by helium cooling the connected cryostat.
The successful oxygen exchange is accompanied by a slight mass increase
∗A lower temperature might be necessary to avoid destroying the structure with zero pres-






Figure 4.1: Sketch of home-built 17O-exchange setup.
46
4. Experimental Details
(≈ 1% for full exchange), excess 17O of reported concentrations δ ≤ 4% on
interstitial or apical site would only amount to 1/6 of that and can be neglected.
As the procedure was not conducted under cleanroom conditions and the used
scale’s uncertainty is about one mg, weighing is only a qualitative indication, but
no reliable quantitative measure of an exchange success.
Therefore, naturally, the success of the exchange was ascertained by checking
for 17O NMR signal. This was always found, except for an exchange attempt in
the optimally doped single crystal of Pr1.85Ce0.15CuO4 at 800
◦C. A repeated at-
tempt at 850◦C was successful, which shows the necessity to approach the thermal
stability limit, similar to the O reduction procedure. Also, as will be discussed in
the next chapter, similar spectral intensities for the interlayer and planar O sites
are found, indicating similar 17O abundances for both sites. Considering the dif-
ferent bindings for these sites, one might conclude that the exchange fraction for
both sites should be close to unity, i.e. that the 17O isotopic abundance provided
in the exchange chamber is achieved.
However, recycling the 17O-rich atmosphere for consecutive exchanges will
decrease the initial abundance due to 16O released in previous runs. Also, by
the repeated use of the exchange gas unwanted contamination with other gases,
although minimized by the procedure, will doubtless accumulate. A reliable es-
timate for the 17O-content in the unit is not available.
Additionally, the diffusion seems to be the limiting factor, at least for single
crystal samples. In the most recent exchange attempts of Nd2−xCexCuO4, the
exchange temperature was raised even closer to the stability limit in order to in-
crease the diffusion and raise the exchange fraction. This increased the 17O signal
intensity before the reduction by factor of more than ten in Nd1.87Ce0.13CuO4.
Currently this sample is sent to Munich for reduction and investigation, so further
investigation was hitherto impossible.
An extensive NMR study of the 17O exchange and reduction effects would be
desirable in order to optimize the NMR signal intensity, but also to gain insight




After a short description of the experimental setups used for this work, the pulse
sequences employed are briefly summarized.
4.2.1 Experimental Setup
The NMR experiments were performed using Tecmag one- and two-channel Apollo
spectrometers in combination with different superconducting magnets providing
static magnetic fields of 2.35 T, 7.05 T and 11.7 T, as well as a Bruker Avance 750
console with a superconducting magnet at 17.6 T. The samples were mounted on
home-built probe heads with capacitive matching and tuning, and inserted within
a bottom-loaded cryostat into the superconducting magnet. The various setups
allow for NMR investigation in a broad temperature range from 400 K down to
liquid helium temperatures. The powder samples were fixed within the irradi-
ation/detection coil. The single crystals, due to their fragility, required special
holders made from thermoplastics. These minimize mechanical stress while fixing
the crystal orientation with respect to B0 and also providing high filling factor,
cf. Fig. 4.2.
Figure 4.2: Single crystal sample holders. The sample (A) is placed in the window
of a tailored ’sample holder tongue’(B) wherein it is fixed with teflon tape and the
tailored coil (C) which in turn is fixed within the sample holder (D). This, then,
can be mounted on a support (E) that allows fixing the sample in all possible




The free induction decay (FID) has already been introduced in the previous
chapter as a prerequisite for the description of the transverse relaxation. One
may estimate the proper π/2-pulse length using (3.10) and by considering the






where V refers to the irradiated volume which exceeds the coil’s volume in de-
pendence on its geometry and µ0 is the vacuum permeability. Q refers to the RF
circuit’s quality factor and P to the applied RF power.
Due to uncertainties in the various factors, the limited validity of approxima-
tions (e.g. homogeneous BRF) and of course frequency and power dependencies
of various RF-components, the estimate of (4.1) may easily be off by a factor
of 2. In order to determine the proper π/2-pulse length a nutation experiment
is performed. In consecutive FID measurements one increases the pulse length
tp at constant RF power. From the sinωnuttp dependence of the signal, tπ/2 is
readily extracted. The FID nutation was usually performed on a reference com-
pound in the same coil, as this along with the π/2-determination also serves
the shift referencing. For 63/65Cu metallic copper was used as reference with
63/65Kmet = 3820 ppm [Lutz et al., 1978].
17O NMR data were referenced to the
signal from tap water with 17KH2O = 0 ppm.
The spin echo was also already introduced in Sec. 3.4.2. Due to the fast FID
in the samples investigated, it was employed for almost all measurements. The
spin echo decay was then measured by variation of the pulse separation time
τ .
The spin-lattice relaxation measurements were done using the inversion re-
covery sequence. Varying the separation time tsep between an initial π-pulse
and a subsequent spin echo sequence, one may observe the recovery of the z-
magnetization following the inversion pulse that is described by (3.23) with the
respective parameters given in Tab. 3.2.
In order to ascertain the relation of suspected neighboring transitions of one
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spectrum a population transfer experiment [Haase et al., 1994] can be per-
formed. By applying a selective inversion pulse to one transition, e.g. (m+ 1↔
m), of sufficiently small bandwidth, the populations of the levels are inverted.
This leads to a momentary (t T1), approximate doubling of the population dif-
ferences for the neighboring transitions, e.g. (m+ 2↔ m+ 1) and (m↔ m− 1).
Probing either of these transitions shortly afterwards will show an increase of the
signal up to a factor of 2. This also allows for separation of overlapping signals
from different sites as follows. By applying an inversion pulse on a neighboring
transition in an alternating on/off mode and alternating between add/subtract
phasing for the receiver at the resonance of interest, that is overlapping with
some other signal, one can filter out only the additional signal due to population
transfer.
Another NMR experiment employed in this study is the spin echo double
resonance (SEDOR) sequence. In particular its version referred to as fixed
time SEDOR. As previously mentioned in Sec. 3.4.2, for static heteronulear spins
(ST−11 ≈ 0), their contribution to the transversal dephasing of I spins is refocused
by the spin echo sequence. While performing a regular spin echo on the I spin
system, one applies an intermediate π-pulse to the S spins at a time τs ≤ τ after
the initial π/2-pulse on the I-spins. This will cause a decrease in the I echo
intensity, as the dephasing due to heteronuclear couplings to the S spin is no
longer reversible, with the maximum effect for τs = τ . By considering relative






the heteronuclear coupling can be measured. This is usually done for the de-
termination of internuclear distances. But it can also be used, if internuclear dis-
tances are known, to discern whether indirect heteronuclear couplings are present
[Pennington et al., 1989a].
































Figure 4.3: NMR sequences employed in this study. (a) Following a π/2-pulse
a signal (dark blue) of a FID may be observed after the pulse ring down in the
RF setup during the dead time (light blue). (b) For fast FID within the spec-
trometer’s dead time the transverse magnetization may be partially refocused
employing a π-pulse at time τ after the first pulse that will cause a spin echo at
time 2τ . By variation of τ the spin echo decay may be observed. (c) The inver-
sion recovery sequence inverts the magnetization using a π-pulse. After a variable
separation time τsep the spin echo sequence reads out the z-magnetization which
recovers equilibrium via spin-lattice relaxation. (d) Prior to a spin echo sequence
on a particular transition (m↔ m−1) a neighboring transition(m±1↔ m−1±1)
is inverted whereby the population difference of the investigated transition is en-
hanced. Using the inversion pulse in on/off alternation while accumulating the
signal with add/subtract phasing the population transfer signal may be isolated.
(e) The fixed-time SEDOR sequence inverts an S-spin species during the de-
phasing time of a spin echo on the investigated I-spin. If both π-pulses coincide
(τs = τ) the signal-diminishing effect is maximal since heteronuclear contribu-
tions to the spin echo decay are not refocused at all. For τs = 0 no effect on the






The first two sections of this chapter comprise a summary of experimental re-
sults of 63,65Cu and 17O NMR on powder samples (Sec. 5.1) and single crystals
(Sec. 5.2) of Pr2−xCexCuO4. This is followed in Sec. 5.3 by an analysis of the
quadrupolar splittings found in HTSCs and the spin-spin relaxation in electron-
doped cuprates. Additional insights from the data analysis that, however, require
further research are summarized in App. B.2.
The separation of experimental results and their analysis serves two main
purposes.
(i) The former contains many unprecedented data, such as all the 17O NMR
and the single crystal measurements. A lot of experimental effort was made for
unambiguous spectral assignment, both for 63Cu and 17O NMR. In addition, an
overview over all NMR results on electron-doped Pr2−xCexCuO4, free of inter-
pretation, should be invaluable for future NMR investigations of electron-doped
HTSCs as well as analyses beyond the scope of this thesis.
(ii) For the analysis, that also includes literature data on hole-doped and
electron-doped cuprates, the comprehensibility is increased by avoiding the dilu-
tion of the line of reasoning with experimental details.
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5.1 Powder Samples of Pr2−xCexCuO4
5.1.1 63Cu NMR
There are a number of reports on 63Cu NMR of powder samples of electron-doped
HTSCs, cf. Sec.2.4, and some measurements on one of the samples of optimally
doped Pr1.85Ce0.15CuO4 , cf. Tab. 4.1, have already been done in the course of
my master thesis [Jurkutat, 2009]. This subsection will therefore only give a
brief overview of additional, complementary measurements done in the course
of this study, including 63Cu NMR of Pr1.85Ce0.15CuO4 (in c ‖ B0) as well as of
Pr1.90Ce0.10CuO4. The summary of experimental findings for different dopings
will include data from previously published work as well.
In Fig. 5.1 typical room temperature spectra are displayed of optimally-doped
Pr1.85Ce0.15CuO4 for c ‖ B0 and c⊥B0. Spectra of both orientations display only
a single sharp resonance on top of a symmetric broad background instead of a
triplet of lines expected for a spin I = 3/2 with non-zero EFG at the nuclear site.
This is similar to what was found for other electron-doped HTSCs, cf. Sec.2.4,
and has been attributed to a 63Cu central transition overlapping with quadrupolar
satellites of comparatively small splitting of only a few MHz that are broadened
due to charge disorder [Imai et al., 1995].
In fact, the field-dependent frequency of the central transition indicates an
average splitting below 2 MHz (not shown). Nutation as well as inversion recovery
experiments on the central transition and the background are in agreement with
this interpretation. However, the discussion of the quadrupolar background signal
is omitted here, since an elaborate investigation of the 63Cu quadrupolar scenario
on single crystals of Pr2−xCexCuO4 can be found in Sec. 5.2.
The observed magnetic shift and linewidth anisotropy for the central transition






= 2.3, respectively, are
similar to those reported on other electron-doped HTSC, cf. Sec.2.4.
With decreasing temperature the width of the central transition increases as
shown for the c ‖ B0 orientation of Pr1.85Ce0.15CuO4 in Fig. 5.2. Similar magnetic
broadening with decreasing temperature is found for other dopings and orienta-
tions of Pr2−xCexCuO4, cf. Fig. 5.3 and e.g. [Williams and Haase, 2007], which
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Figure 5.1: 63Cu NMR spectra of c-aligned powder of Pr1.85Ce0.15CuO4 at room
temperature in c ‖ B0 (green) and c⊥B0 (black) orientation at B0 = 11.7 T.
is in contrast to a fairly temperature-independent linewidth found for electron-
doped Sr1−xLaxCuO2 [Williams et al., 2005]. The origin of the broadening may
be dipolar or hyperfine coupling to the Pr3+ moments[Williams et al., 2011].
Since the spectral intensities shown in Fig. 5.2 are corrected for the Boltzmann
factor, the quality factor of the resonance circuit and T ∗2 , it is evident that the
broadening is accompanied by a decrease in signal intensity. Even though the
full quadrupolar background was not measured due to weak signal intensity, one
may still estimate the overall spectral intensity from the height and width of the
central line. The resulting decrease is in contrast to previous reports that found
the so-called NMR signal ”wipe-out” only for dopings x ≤ 0.125 [Williams and
Haase, 2007].
The spectra of the Pr1.90Ce0.10CuO4 sample (not shown) show only partial
c-alignment. This allows for reliable orientation selective measurement of shifts
and relaxation times, while accurate determination of the linewidths, especially
when broadened at lower temperatures, is not possible.
In Fig. 5.3 the temperature dependencies of 63Cu NMR for Pr2−xCexCuO4
c-aligned powders with dopings x = 0.10, x = 0.15 (c⊥B0 and relaxation data
from Jurkutat [2009]) and x = 0.20 (from Veroutis [2012]) are summarized.
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Figure 5.2: 63Cu NMR spectra of the central transition of c-aligned powder of
Pr1.85Ce0.15CuO4 in c ‖ B0 at B0 = 11.7 T for temperatures from 300 K down to
10 K. Intensities are corrected for temperature dependencies of the Boltzmann
factor, the quality factor of the resonance circuit and T ∗2 . The gray vertical line
corresponds to the metallic 63Cu reference frequency.
The absolute central linewidth increase with decreasing temperature depicted
in Fig. 5.3(a) is similar for both orientations of Pr1.85Ce0.15CuO4, such that the
linewidth anisotropy decreases from of 2.3 at room temperature to only 1.3 at
50 K. This indicates that the origin of the linewidth at 300 K is different from
that of the broadening associated with the Pr3+ moments.
Fig. 5.3 (b) displays the temperature dependent magnetic shifts for different
dopings and orientations. The similar values and behavior with temperature for
both orientations, largely independent of doping, support the interpretation of
Pr-dominated shifts [Williams et al., 2004].
The decrease in spectral intensity with temperature shown in Fig. 5.3 (c) is
found for all dopings investigated, but most pronounced and present already at
higher temperature for the underdoped sample. This is in qualitative agreement
with what has been reported on non-aligned powders [Williams and Haase, 2007].
The overall decrease for x ≥ 0.15, however, is in excess of what has been previ-
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Figure 5.3: Temperature dependent 63Cu NMR parameters of c-aligned powders
of Pr2−xCexCuO4 for dopings x=0.10 (down triangles), x=0.15 (squares) and
x=0.20 (up triangles) [Veroutis, 2012] in c ‖ B0 (green symbols) and c⊥B0 (black
symbols) orientation. (a) Full width half maximum of the central transition
line. (b) Magnetic shifts of the central transition line, second-order quadrupo-
lar shifts are negligible (≤ 0.017%). (c) Normalized spectral intensity. For the
Pr1.90Ce0.10CuO4 sample signal intensities for different orientations could not be
properly separated due to only partial alignment, such that only the overall signal
(blue) could be evaluated. (d) Relaxation rates for magnetic spin-lattice relax-
ation, 63T−11 . (e) spin echo decay time
63T ∗2 .
57
5. Experimental Results and Analysis
ously found by Williams and Haase [2007].
Fig. 5.3 (d,e) shows the temperature dependence of the time constants for spin-
lattice relaxation and spin echo decay, respectively, found for different dopings
and orientations.
The spin-lattice relaxation observed in inversion recovery experiments was
found to be well described magnetic relaxation, cf. Tab. 3.2, at high temperatures.
However, for temperatures T ≤ 50 K the relaxation of the central transition was
found to be better described with coefficients (a1 = 1 − a3 ≤ 0.4) indicating a
less selective excitation of the central transition.∗ This can be attributed to the
magnetic broadening of the central transition such that at low temperatures the
underlying background that is also excited by the pulse sequence is no longer neg-




for Pr1.85Ce0.15CuO4 at room temperature) that increases at lower temperatures.
The data in c ‖ B0 orientation indicate a slowing of the spin-lattice relaxation
with doping.
The spin echo decay time 63T ∗2 is fairly isotropic at room temperature. While
the values of 63T ∗2 differ slightly with doping, the spin echo decay time’s tem-
perature dependence is similar for all dopings investigated. 63T ∗2 shows a slow
increase as the temperature is lowered from 300 K to ≈ 100 K and a decrease
upon further cooling down with the minimum values around 30 K.
∗a1 = 1 − a3 = 0.4 would correspond to the case that decrease in population difference of
the satellite transitions due to their partial excitation compensates the increase of same due to
inversion of the adjacent central transition.
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5.1.2 17O NMR
Since no 17O NMR data on electron-doped cuprates were available prior to this
work the initial aim was the measurement of the spectra and a signal assign-
ment. There are two oxygen sites in the structure, planar O (PL) in CuO2 plane
and the site directly above/below planar O which is referred to as inter-layer O
(IL). The apical site (AP) above/below planar Cu, occupied in all hole-doped
HTSC, is vacant in the T’-structure, but believed to be partially occupied in the
unreduced, as-made samples and therefore necessitating the O reduction step to
achieve superconductivity, cf. Sec. 2.3.
Inter-layer O, due to its site’s symmetry, is expected to have a magnetic
and EFG tensor symmetric about the c-axis similar to apical O in hole-doped
HTSCs. The planar O site’s symmetry, on the other hand, is dominated by the
direction of the sigma bond (OPL,σ) with its two planar Cu neighbors. The two
orthogonal directions, in-plane perpendicular to the bond (OPL,⊥) and along the
c-axis (OPL,c), are inequivalent, such that a non-zero asymmetry parameter is
expected for both the magnetic and the EFG tensor, which is indeed found for
hole-doped HTSCs, e.g. EFG parameters in the App. B.1.
For the c-aligned powder samples discussed here only measurements in the
c ‖ B0 orientation will give unidirectional spectra. NMR experiments in the c⊥B0
orientation measure a powder average of all orientations within the CuO2-plane,
i.e. OPL,⊥ and OPL,σ and all angles in between for planar O. For the inter-layer
site, with expected c-axis symmetry, all these direction should be equivalent.
In Fig. 5.4 17O spectra of Pr1.85Ce0.15CuO4 in c⊥B0 and c ‖ B0 orientations
are displayed for external magnetic fields ranging from 2.35 T to 17.6 T.
Due to the symmetry discussed above one might anticipate for the c⊥B0
orientation a quintuplet of resonances for inter-layer O overlapping with planar
powder average for planar O. The latter should have two peaks corresponding to
the respective central transition of the OPL,σ and OPL,⊥ orientation and a first-
order quadrupolar distribution with asymmetric spikes reflecting the quadrupole
splitting of these orientations. Instead of seven or more resonances the spectra
in c⊥B0 in Fig. 5.4 (a-d) all show a single resonance with broad background.
The spectra are displayed over the same magnetic shift window to emphasize
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Figure 5.4: Field-dependent (B0 indicated in the middle column)
17O NMR spec-
tra of c-aligned Pr1.85Ce0.15CuO4 in c⊥B0 (a-d) and c ‖ B0 (e-h) orientation.
High-field (B0 ≥ 7.05 T) spectra (a-c,e-g) were obtained by frequency-stepped
echo integration (symbols), while low-field spectra were obtained by FT (full
lines) of selectively excited resonances, in particular the excitation conditions for
the central resonance were optimized for a central transition, cf. Table 3.1. Ver-
tical lines correspond to zero shift(tap water). (a-d) are displayed over the same
shift window indicated at the top, while (e-h) show the same frequency window
about zero magnetic shift.
that while its central frequency shift (≈ 0.25 %) is largely field-independent,
and therefore of magnetic origin, its distribution is not. The broad background is
probably due to the anticipated first-order quadrupolar distribution of the angular
averaged planar O satellites.
For the c ‖ B0 orientation two quintuplets of resonances corresponding to
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planar O and inter-layer O are anticipated from symmetry considerations. The
spectra displayed in Fig. 5.4 (e-g) show only 5 resonances that are independent
of B0 equidistantly seperated (≈ 330 kHz). The central resonance is of constant
shift (≈ 0.15 %), however, its broad distribution appears to be field-dependent
and non-magnetic, and its spectral intensity far exceeds that expected from the
satellites, cf. Tab. 3.1. In fact, the FT spectrum of the selectively excited central
line at low field shown in Fig. 5.4 (h) reveals an overlap of several resonances.
This indicates an overlap of the central transition of the widely split quintuplet
with another quintuplet of resonances of with comparatively small splitting.
This overlap is confirmed using population transfer experiments, cf. Sec. 4.2.2,
displayed in Fig. 5.5. The FT of the population transfer signal shown in Fig. 5.5 (a)
confirms that the central transition corresponding to the four resolved satellite
transitions is only part of the broad central line. Fig. 5.5 (b) shows that already
at 7.05 T the FT of a spin echo with non-selective pulses reveals more than a
single resonance that is observed with selective pulses. Also shown are popula-



















Figure 5.5: Population transfer experiments on c-aligned Pr1.85Ce0.15CuO4 in
c ‖ B0. (a) shows population transfer signal (red) from the first lower satellite
(67.55 MHz) of the widely split spectrum to the central transition (67.90 MHz) at
B0 = 11.7 T. (b) Shows comparison of the FT of a selectively excited echo (red)
with that of non-selective pulses (black) of the broad central line at B0 = 7.05 T.
Also shown are FTs of population transfer experiments for the narrowly split,
spectrum (green and blue). For details see text.
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showing a splitting of only 65 kHz.
It can be concluded that the c ‖ B0 spectrum shows the anticipated two quin-
tuplets of resonances, one well-resolved spectrum with a quadrupolar splitting
of about 330 kHz and the other spectrum of similar magnetic shift but much
smaller splitting 65 kHz. The dominant contribution to the EFG causing the
quadrupole splitting is expected to be due to partially filled, non-isotropic (not
s-) orbitals. While both O sites are thought to be close to O2−, i.e. in an almost
full 2p6 state; planar O will have some hole content leaking from Cu 3d9 due to
the bonding O 2pσ hybridizing with Cu 3dx2−y2 that contains nominally one hole.
From this one may assign the bigger splitting to planar O ∗ which is similar to
values obtained for hole-doped HTSCs, cf. App. B.1. This is also in agreement
with the observed spectra in c⊥B0, since an inter-layer O splitting of 65/2 kHz
would account for the non-magnetic distribution of the observed resonance with
magnetic shift, while an inter-layer O splitting of 330/2 kHz would not agree
with the observed spectra, as one would expect to find 5 resonances with such a
quadrupole splitting or at least a much broader non-magnetic distribution of the
observed central resonance.
The evolution of the 17O spectrum of Pr1.85Ce0.15CuO4 in c ‖ B0 with de-
creasing temperature is displayed in Fig. 5.6, for some temperatures only the
central resonance was recorded. The most noticeable effect is a magnetic broad-
ening affecting all resolved resonances, similar to the 63Cu spectra. The planar
O quadrupole splitting is temperature-independent, as expected. Also the mag-
netic shift of the central resonance is largely temperature-independent, showing
only a slight decrease below 100 K, which is contrary to what has been observed
for 63Cu. Although the broadened planar O central transition is obscured by
the overlapping inter-layer O spectrum, this observation is also reflected by the
planar O satellite transitions.
For the other orientation, c⊥B0, shown in Fig. 5.7 the decrease in temperature
also results in a broadening of the one resolved resonance. In this orientation,
however, it is accompanied by an overall increase in shift. Additionally, below
200 K, new features of the resonance become apparent. The resonance line shows
two high-frequency peaks, the frequency of which increases notably with decreas-
∗The assignment will be confirmed in the investigation of single crystals in the next section.
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Figure 5.6: 17O NMR spectra of the c-aligned powder of Pr1.85Ce0.15CuO4 in
c ‖ B0 at B0 = 11.7 T for temperatures from 300 K down to 10 K. At 240 K,
175 K, 150 K and 75 K only the central resonance was recorded. Intensities are
corrected for temperature dependencies of the Boltzmann factor and the quality
factor of the resonance circuit.
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ing temperature, along with a low frequency shoulder that broadens, but hardly








Figure 5.7: 17O NMR spectra of the c-aligned powder of Pr1.85Ce0.15CuO4 in
c⊥B0 at B0 = 11.7 T for temperatures from 300 K down to 10 K. Intensities are
corrected for temperature dependencies of the Boltzmann factor and the quality
factor of the resonance circuit.
In Fig. 5.8 the observed 17O NMR parameters for different sites, orientations,
temperatures and dopings of Pr2−xCexCuO4 are summarized. This includes the
measured magnetic shifts in Fig. 5.8 (b), spin echo decay times in Fig. 5.8 (c) and
spin-lattice relaxation rates in Fig. 5.8 (d). Due to lacking resolution of separate
resonances linewidth data are omitted.
The spectral intensity data in Fig. 5.8 (a) are lacking a T ∗2 correction. However,
no strong signal intensity loss with decreasing temperature is observed. Further-
more the effect at room temperature is negligible(, e.g. T ∗2 ≈ 700 µs with pulse
separation τ = 30 µs gives an echo decrease of ≈ 8 %) and the T ∗2 measurements
for the underdoped Pr1.90Ce0.10CuO4 indicate a decrease of the decay rate with
decreasing temperature. This indicates that any spin echo decay effect on the
measured signal intensity is minor. Quite different from the 63Cu spectra, the
17O spectra show no significant signal loss at low temperatures.
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Figure 5.8: Temperature dependent 17O NMR parameters of c-aligned powders of
Pr2−xCexCuO4. Lines are guides to the eye. (a) Normalized
17O signal intensity
corrected for temperature dependencies of the Boltzmann factor and the quality
factor of the resonance circuit. (b) Magnetic shift. (c) spin echo decay time. (d)
Magnetic spin-lattice relaxation rate.
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5.2 Single Crystals of Pr2−xCexCuO4
5.2.1 63Cu NMR
Optimally doped sample - Inspecting the EFG As previously discussed
in Sec. 2.4 the 63Cu NMR of electron-doped HTSCs does not show well-resolved
quadrupolar satellites, in contrast to their hole-doped counterparts. This obser-
vation was also made when investigating c-aligned powder samples in previous
subsection. The investigation of a single crystal of Pr1.85Ce0.15CuO4 allows for
a more rigorous examination of the quadrupolar scenario, since it enables NMR
measurements along defined symmetry axes of the structure excluding effects due
to orientational distribution.
In Fig. 5.9 the room temperature spectra of c-aligned powder and a single
crystal are compared, showing good agreement for position and width of the
central resonance and the background signal in either orientation of the external
magnetic field.
130 132 134 136
single crystal c-align.









Figure 5.9: Comparison of Pr1.85Ce0.15CuO4
63Cu spectra at 11.7 T from single
crystal and c-aligned powder sample in c ‖ B0 (green) and c⊥B0 (black) orienta-
tion. Note the difference in notation for the latter orientation, which is averaged
over all in-plane directions for the powder samples (c⊥B0), while single crystal
samples allow for measurements along one crystal axis a or b (a,b ‖ B0), that are
equivalent due to tetragonal crystal symmetry.
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Figure 5.10: left: FID nutation experiment on metallic 63Cu compared to spin
echo nutation for central resonance as well as the background signal. Also shown
is the non-selective pulse length, determined from metallic 63Cu (|), and the there-
from expected selective pulse lengths for central transition (|) and for a satellite
transition (|). inset: Sketch illustrating composition of spectrum of central tran-
sition and background. right: Inversion recovery for the central resonance and
the background signal in c⊥B0 orientation. Both spin-lattice relaxations may
be fitted to magnetic relaxation of a central transition and satellite transition,
respectively, with T1=0.52 ms.
Similar to the measurements on powder samples, nutation experiments on
the central resonance as well as the background signal indicate π/2-pulse lengths
corresponding to selective excitation of a 63Cu central transition and satellite
transition, respectively, as shown in the left panel of Fig. 5.10. The slight dis-
crepancy found for the central resonance’s optimal pulse length can be explained
by the fact that the central transition line overlaps with the satellite lines and
therefore, the experimentally measured π/2-pulse length is longer than expected
for central transition only. In the right panel of Fig. 5.10 the inversion recov-
ery of the central resonance and the background signal is shown. These may be
fitted to magnetic T1-relaxation of a spin-3/2’s central and satellite transitions,
respectively, both giving values of T1 = 0.52 ms.
Pulse lengths and T1 relaxations are in accordance with the previously formu-
lated picture of quadrupolar broadened 63Cu satellites with small average split-
ting, resulting in a quadrupolar background underlying the central transition
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Figure 5.11: 63Cu spectra of Pr1.85Ce0.15CuO4 in both orientations at different
fields of 17.6 T (top), 11.7 T(middle) and 2.35 T(bottom). High field spectra were
obtained by frequency-stepped echo integration (symbols), while at the 2.35 T
the echo FT is shown (lines). All spectra are shown over the same magnetic shift
window as indicated on top (gray) with the metallic 63Cu (dotted vertical line)
reference at 3820 ppm [Lutz et al., 1978].
[Imai et al., 1995]. To further confirm this scenario the spectral field dependence
was investigated.
In Fig. 5.11 the 63Cu spectra for both orientations at different B0 are shown
over the same shift window in order to point out the field independent shift for the
central resonance in both orientations of Pr1.85Ce0.15CuO4, giving Kc⊥B0 = 0.37%
68
5. Experimental Results and Analysis
and Kc‖B0 = 0.92%. Also its linewidths appear to be of magnetic origin in either
orientation with values of Γc⊥B0 = 0.13% and Γc‖B0 = 0.30% for all fields except
for the high frequency side of the central line at the lowest field in c⊥B0. Here
we find a pronounced positive skew of the resonance that further down will be
shown to be of second-order quadrupolar origin. The background on the other
hand does not scale with the field but retains the same frequency distribution
at the higher field values, symmetric about the central line, with a linewidth of
about 7 MHz and 4 MHz for c ‖ B0 and c⊥B0, respectively. At 2.35 T it is close
to immeasurable due to said broad frequency distribution.
Unambiguous proof for the quadrupolar nature of the background can be pro-
vided by a population transfer experiment [Haase et al., 1994] which is described
in Sec. 4.2.2. In Fig. 5.12 the excellent agreement, also quantitatively, of the pop-
ulation transfer signal with the background is displayed, which shows that the
background signal is indeed due to broadened satellite transitions.





   
population
transfer in
c    B0
c    B0
magic angle
Figure 5.12: Population transfer signal from central transition to satellite tran-
sition in c⊥B0 (orange squares) compared to spectrum in c⊥B0 (dashed black
line) and magic angle spectrum (full blue line) for 63Cu in Pr1.85Ce0.15CuO4.
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As to the quadrupole splitting, assuming approximately Gaussian distribution
the following limiting scenarios are perceivable: (i) νQ ≈ 0 MHz such that the
EFG distribution gives a quadrupolar linewidth of ΓQ ≈ 7 MHz, or (ii) since the
background increases monotonically towards the center, the splitting could be up
to νQ . 3 MHz with corresponding width ΓQ & 5 MHz.
Also shown in Fig. 5.12 is the spectrum measured with B0 making a 54.7
◦ angle
with the c-axis, for which first order quadrupole interaction should vanish for ηQ ≈
0. As can be seen, the background vanishes and all spectral intensity collapses
into a narrow region (≈ 0.8 MHz). This shows that even though the distribution
of the EFG far exceeds its average value, its symmetry appears nonetheless to be
well-defined, with its principal axis along the c-axis (∆θ ≤ 5◦).
This is supported by the angular dependence of the central transition at low
field, shown in Fig. 5.13 (a), where it is broadened due to second-order quadrupole
interaction. From (3.6) and (3.7) one finds that for θ = 0◦ and 71◦ the second-
order effect should vanish for ηQ ≈ 0, and for these angles a symmetric central
transition is found. For the maximum (minimum) of (3.7) at θ = 90◦(42◦) we





















Figure 5.13: Angular dependence of second-order quadrupolar broadened 63Cu
central transition in Pr1.85Ce0.15CuO4 at 2.35 T. (a) central transition at different
angles with the c-axis with maximal (90◦), minimal (42◦) and no (71◦, 0◦) second-
order quadrupolar broadening. (b) Comparison of 90◦ and 42◦ spectra with the
angular-dependent magnetic shift contribution KM(θ) removed and scaled by ex-
pected relative second-order effect.
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find pronounced positive (negative) skew of the central transition’s distribution.
For the latter angles the relative linewidth is in accordance with expected






◦) = −(4/3)2. This is shown
in Fig. 5.13 (b) with slight discrepancies due to angular dependent magnetic
linewidth and possibly a non-zero correlation of EFG and magnetic shift dis-
tributions. Similar to the observation of the first-order quadrupolar background,
the second-order effects reflect a distribution of ν2Q that is peaked at or near zero
and very broadly distributed. The corresponding EFG distribution is character-
ized by 〈νQ〉 ≤ 1 MHz with ΓQ > 4 MHz.
Unfortunately a distinction between a symmetric and highly asymmetric EFG
distribution is not possible, since the first-order quadrupole satellites overlap with
the central transition and second-order effects are quadratic in νQ. It must be
noted, however, that with neither limiting scenario fitted to the first-order back-
ground, the resulting second-order shift distribution convoluted with magnetic
linewidth perfectly reproduces the measured spectrum. This implies a non-zero
correlation of magnetic shift and quadrupole splitting, that is expected if both
are at least partly of the same origin, e.g. the distribution of doped charges.
Undoped parent-compound and intermediate dopings The initial at-
tempt to determine the Cu EFG was to employ zero-field antiferromagnetic
NMR (AF-NMR), which uses the hyperfine field of the antiferromagnetically
ordered, unpaired Cu electron spins. Despite a fairly big number of publi-
cations of AF-NMR experiments on different T’-structured parent compounds
RE2CuO4 (RE=Pr, Nd, Sm, Eu and Gd), cf. Sec. 2.4, none shows spectra or
gives quadrupole splittings for compounds other than Nd2CuO4. These usually
state to observe similar spectra for other REs, e.g. in [Kumagai et al., 1991].
In Fig. 5.14(a) the AF-NMR Cu spectrum measured at 8 K without external
magnetic field (B0 = 0) is shown. For comparison also the expected spectrum
in Fig. 5.14(b) is shown which was determined as follows. The hyperfine field
experienced by the Cu nucleus in the antiferromagnetic state at low tempera-
ture was reported by [Kumagai et al., 1991], which unfortunately does not give
the measurement’s temperature. Nd2CuO4 spectra between 1-7 K were reported
by [Yoshinari et al., 1990] showing a temperature dependence that may be as-
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Figure 5.14: (a) Zero-field 63,65Cu AF-NMR spectrum of Pr2CuO4 at 8 K, with
expected 63Cu indicated in blue. (b) displays the expected 63,65Cu AF-NMR spec-
trum, using hyperfine field reported by [Kumagai et al., 1991], its temperature
dependence for Nd2−xCexCuO4 by [Yoshinari et al., 1990] and an antiferromag-
netic order with its orientation in the CuO2-plane, c ⊥ BAFM, as well as the Cu
EFG determined below.
signed to an ordering of the rare earth 4f moments. Scaling the hyperfine field
for Pr2CuO4 given by [Kumagai et al., 1991] with the temperature dependence
reported by [Yoshinari et al., 1990], the expected spectrum was inferred using
the quadrupole frequency determined below and an antiferromagnetic order with
the Cu electronic spins perpendicular to the c-axis, i.e. ν ′Q = −12νQ, as well as a
magnetic linewidth of 0.3 MHz.
Even though the two highest experimental peaks coincide fairly well with
the expected central transitions of 63Cu and 65Cu, it is evident from the sheer
number of resonances, far in excess of the expected 6 lines, that the scenario
is more complicated. This may be related to an ordering process of the Pr 4f
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electronic moments or possibly a minor remnant of apex O that was not removed,
cf. Sec. 2.3.
Due to the low signal intensity for low temperature AF-NMR and the lack of
literature on low temperature magnetic properties, such as Pr magnetic ordering
or the precise Cu spin orientation in the antiferromagnetic state, the next step
were NMR measurements in the paramagnetic regime. As opposed to AF-NMR
this allows to choose and vary the measurement’s orientation to ascertain the
determined quadrupolar and magnetic shift tensors.
In Fig. 5.15 (a) the 63Cu NMR spectrum of the parent compound in c ‖ B0
(B0 = 11.7 T) in the paramagnetic state is shown. In the proximity of the Neél
temperature, TN ≈ 240−270 K, the room temperature 63Cu signal is very weak (in
red, signal increased by a factor of ten), due to a dramatic increase in Cu nuclear
spin relaxation rates when approaching the transition to the anti-ferromagnetic
state. This is due to a slowing of fluctuations of the unpaired electronic spin
located in the Cu 3d, which then couples more efficiently to the Cu nuclear
spins [Slichter, 1990]. By increasing the temperature and going further into the
paramagnetic regime, it is possible to observe a well-resolved 63Cu spectrum at
400 K, even though relaxation rates are still comparatively fast (63T1,c = 130 µs,
63T2G,c = 16 µs).
Taking into account the partially overlapping 65Cu spectrum (indicated in
gray), one finds similar linewidths for all three resonances of the 63Cu spectrum
(Γ = 1.2(1) MHz). This indicates a broad distribution of magnetic shifts with
no discernible EFG distribution (≤ 0.5 MHz). Similar magnetic linewidths have
been observed in the paramagnetic phase of YBa2Cu3O6.12 by [Pozzi et al., 1999],
showing an increasing linewidth upon decreasing temperature towards TN.
This is also observed in the broad room temperature signal (red triangles in
Fig. 5.15 (a)). Fitting the measured points to a Gaussian, the resulting linewidth
is increased by a factor ≈ 2.6 with respect to the value at 400 K, while the peak
intensity decreases by a factor of ≈ 50. If this decrease in overall signal intensity
by a factor of ≈ 20 is entirely due to a shortening of 63Cu T1, more precisely its
contribution to the spin echo decay (with τ = 10 µs), one may estimate a 63T1 of
about 10 µs at room temperature.
The parent spectrum is in stark contrast to the previously discussed spectra of
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Figure 5.15: 63Cu NMR spectra in c ‖ B0 (11.7 T) of Pr2−xCexCuO4 for different
dopings. The spectra were taken at 300 K except for the parent compound
shown in (a) which was measured at 400 K, since the room temperature signal
(red, measured signal multiplied by a factor of 10) was too small. Inferred,
overlapping 65Cu spectra are indicated in gray.
the optimally-doped compound Pr1.85Ce0.15CuO4 , as it shows sharp, well-defined
quadrupole splitting and the linewidth is dominated by a broad distribution of
magnetic shifts, while the room temperature spectrum of Pr1.85Ce0.15CuO4 dis-
plays a much smaller magnetic linewidth and a vanishing quadrupole splitting
that is very broadly distributed, cf. Fig. 5.15(d) and the previous discussion.
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The spectra of the intermediate dopings, displayed in Fig. 5.15(b,c), confirm
these trends. Again, the inferred overlapping 65Cu spectra are indicated in gray.
While the central transition decreases in linewidth, the satellites reflect a decrease
of quadrupole splitting with electron doping. This is accompanied by strong
quadrupolar broadening already at low dopings such that for dopings x ≥ 0.05
no resolved satellites are discernible.
In Fig. 5.16 the observed doping dependence for magnetic shift and quadrupole
splitting, as well as magnetic and quadrupolar linewidth contributions are dis-






























































































Figure 5.16: 63Cu NMR spectral parameters of Pr2−xCexCuO4 for different dop-
ings, and orientation with c ‖ B0 (green full squares) and c⊥B0 (black full circles).
Parameters refer to room temperature values, except for those parent data deter-
mined at 400 K (red). Parameters shown are (a) magnetic FWHM, (b) magnetic
shift, (c) FWHM of quadrupolar distribution and (d) quadrupole splitting.
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played. Included are also spectral parameters for the c⊥B0 orientation for x =
0.05, 0.15 where second order quadrupolar contributions to the central transi-
tion’s resonance frequency and linewidth are removed.∗
While the magnetic linewidth (Fig. 5.16 (a)) decreases strongly with doping
the magnetic shift (Fig. 5.16 (b)) is largely unaffected. This indicates that the
parent linewidth is most likely associated with spin fluctuations around the anti-
ferromagnetic wave vector that would not affect the average shift. The magnetic
linewidth decrease upon electron doping can be assigned to the comparatively
slow decrease in TN found in T’-systems, cf. Fig. 2.4.
The quadrupole splitting (Fig. 5.16(d)) decreases linearly with doping, with
the splittings in c⊥B0 confirming a symmetric EFG tensor along the crystal c-
axis. The quadrupolar linewidth on the other hand, which is negligible in the
parent compound increases rapidly at low doping (x = 0.05) already, but then
increases only slowly upon further doping. Similar observations have been made
in hole doped HTSCs, e.g. in [Gippius et al., 1997; Haase et al., 2002; Rybicki
et al., 2009]. The quadrupolar linewidths determined for the c⊥B0 orientations
are slightly bigger than half of what was found in c ‖ B0, although the deviations
are below experimental uncertainties.
The NMR relaxation rates displayed in Fig. 5.17 show a pronounced decrease
with doping for both the spin echo decay as well as the spin-lattice relaxation.
The spin-lattice relaxation rates (lower panel of Fig. 5.17) at 300 K are found
to be well described by magnetic relaxation for all dopings considered. Its decrease
with doping can be attributed to the decrease of TN such that at higher dopings
the measurements were performed further away from the antiferromagnetic tran-
sition and therefore less affected by the slowing of electronic spin fluctuations.
The spin echo decay rates displayed in the upper panel of Fig. 5.17, show a
pronounced slowing with doping, also accompanied by a change from Gaussian
decay at low doping to a Lorentzian decay at higher dopings. Possible origins
of the rapid decay at low doping and its slowing towards higher doping, besides
off course the decrease of the spin-lattice contribution, are e.g. a decrease of the
∗While the central transition’s frequency shift due second order quadrupole interaction is
given by (3.6), the second order quadrupolar linewidth contribution Γ
(2)






























































Figure 5.17: 63Cu NMR relaxation rates of Pr2−xCexCuO4 for different dopings
and orientation with c ‖ B0 (green squares) and c⊥B0 (black circles). Rates re-
fer to room temperature values, except for parent compound measured at 400 K
(red). (a) spin echo decay rates, where the decay changes from Gaussian (open
crossed symbols) to Lorentzian (full symbols) character with doping. (b) Mag-
netic spin-lattice relaxation rates, room temperature value for parent compound
(dark green) inferred from signal intensity, see text.
coupling to magnetic fluctuations of non-nuclear origin, that may be character-
ized by (3.26), or a decrease of an indirect homonuclear coupling which shall be
addressed in Sec. 5.3.1.
In summary the 63Cu spectra of single crystals of Pr2−xCexCuO4 show sym-
metric magnetic shift and EFG tensors with principal axes along the crystal
c-axis. Electron doping causes a well-resolved quadrupole splitting found in the
parent compound to decrease such that it is near zero at optimal doping, which
is analyzed in Sec. 5.3.2. At the same time the linewidths indicate a change from
magnetic inhomogeneity, associated with antiferromagnetic correlations, towards
an inhomogeneity of quadrupolar origin. The slowing of nuclear relaxation rates
is associated with a suppression of AF by electron doping.
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5.2.2 17O NMR
In the first part of this section an unambiguous site assignment of the 17O reso-
nances in a single crystal of the undoped parent compound Pr2CuO4 is shown,
followed by an overview of the, rather minor, doping induced changes found in
17O NMR at room temperature of Pr2−xCexCuO4 for x=0.05, 0.10, 0.15.
Undoped parent-compound - site assignment The single crystal spectrum
of the undoped parent compound in c ‖ B0 orientation at 17.6 T is shown in
Fig. 5.18. Similar to the spectra observed in the c-aligned powders, it displays
two quintuplets of resonances, indicated by five-pronged brackets, with splittings
of 340 kHz and 75 kHz. These are assigned, in accord with the c-aligned powder
spectra, to planar (PL) O for the bigger splitting and inter-layer (IL) O for the
smaller splitting.
The spectrum was obtained taking the FT of selective spin echoes for the 5
planar resonances. The mismatch in spectral intensity between the planar and









Figure 5.18: 17O NMR spectrum of Pr2CuO4 in c ‖ B0 at 17.6 T. Overlapping
spectra of inter-layer O and planar O are indicated by five-pronged brackets on
top. Inset: Comparison of lowest satellite transitions of inter-layer O and planar
O with selective excitation conditions showing very similar signal intensities.
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Figure 5.19: 17O NMR spectrum of Pr2CuO4 with the field along a or b, a, b ‖ B0
at 17.6 T. Overlapping spectra of inter-layer O, planar O with the field along the
σ-bond and planar O with the field perpendicular to the σ-bond are indicated by
five-pronged brackets on top.
inter-layer spectrum is due the excitation conditions, which were optimized for
the planar central transition. The inset shows a comparison of signal of the low-
est satellite transitions of both 17O sites’ spectra selectively excited. Due to the
small splitting of inter-layer O long pulses (tπ/2 = 20 µs) had to be chosen to
ensure approximate selective excitation without overly diminishing the linewidth
due to too small excitation bandwidth. The resultant relative signal intensity
S(PL)/S(IL) = 0.93(5) reflects the relative site abundance of 1:1 indicating sim-
ilar degree of 17O exchange for both sites. Both spectra show similar linewidths
for all transition of about 40 kHz, corresponding to a distribution of magnetic
shifts of 0.04%.
As the magnetic field is turned around one of the in-plane axis, say b ∗ ,
into the CuO2 plane, the planar
17O spectrum will split up into 2 quintuplets.
This is because the local symmetry (magnetic and quadrupolar) is dominated
by the Cu-O-Cu σ-bond, which for half of the planar O is along the a-axis and
along b for the other half. Together with inter-layer O one can therefore expect
∗Arbitrarily chosen since a and b are equivalent and can therefore not be distinguished.
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15 resonances with the magnetic field along a or b. This is shown in Fig. 5.19,
where three partially overlapping quintuplets are found with splittings of 35 kHz,
610 kHz and 950 kHz, which are assigned to inter-layer O, planar O perpendicular
to the σ-bond (⊥) and parallel to it (σ).
The assignment is based on the following: (i) inter-layer O symmetry should be
dominated by the crystal c-axis as its four nearest Pr neighbors are in nearly tetra-
hedralal symmetry, therefore its principal value of quadrupole splitting should be
found in the c ‖ B0 and -1/2 that value for c⊥B0. (ii) The largest quadrupole
splitting for planar O should be found along the σ-bond, since the O 2pσ orbital’s
hole content due to hybridization with Cu should dominate the EFG [Haase et al.,
2004]. (iii) Also the EFG’s tracelessness is obeyed for both sites by this assign-
ment, i.e. for inter-layer O we have 75 − 2 · 35 ≈ 0 and for planar O we have
950− 610− 340 = 0.
The linewidths of both planar O orientations are again magnetic (≈ 60 kHz)
without discernible quadrupolar broadening of the satellite transitions, for inter-
layer O overlapping resonances obstruct a reliable linewidth estimate. The deter-
mined NMR parameters are found in Tab. 5.2 below.
The assignment is confirmed by the spectral angular dependence measured
at 7.05 T displayed in Fig. 5.20. The spectra in c ‖ B0 and a, b ‖ B0 orientation
reflect the same shifts and shift distribution found at higher field. Also, even at
the lower field, no increased broadening of the outer satellite transitions for either
site or orientation is evident, indicating a negligible EFG distribution. In the
middle part of Fig. 5.20 the resonances found for different polar angles (∠(c, B0))
are displayed together with the angular dependence expected according to (3.8)
and (3.9) and the values listed in Table 5.2. Indeed, it is found that the planar
spectrum found in c ‖ B0 orientation splits into two quintuplets corresponding to
O sites with their Cu-O-Cu bond along different crystal axes. The systematic
offset (≈ 5◦) found for intermediate polar angles is most likely due to slight
rotation of the sample inside the holder, caused by the anisotropic magnetic
susceptibility that is maximal perpendicular to the c-axis.
The site assignment of the various spectra, so far based on angular dependent
quadrupole splittings, can be further confirmed by considering transverse relax-
ation times T2 for the various sites and orientations. In particular, the distinction
80
5. Experimental Results and Analysis

















PL, σ    B0 
PL, σ || B0
PL
IL
Figure 5.20: 17O NMR spectra of Pr2CuO4 at 7.05 T in c ‖ B0 (top) and c⊥B0
orientation(bottom). The middle part shows the frequencies of various resonances
found for different polar angles (∠(c, B0)) along with the angular dependence res-
onance frequencies of planar O(black line) and inter-layer O (blue line) according
to (3.8) and (3.9) and the values listed in Table 5.2.
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Table 5.1: Comparison of experimentally determined spin echo decay rates T ∗2
−1
(in ms−1) at room temperature with expected values from Redfield contribution
T−12R and the dipolar coupling to Cu T1-fluctuations
63T−12,IS with an estimated
63T1,c = 15 µs.





c ‖ B0 OPL 0.77 0.20 + 0.48
OIL 0.42 0.34 + 0.03
a,b ‖ B0 OPL,σ 0.83 0.19 + 0.67
OPL,⊥ 0.32 0.14 + 0.17
OIL 0.38 0.30 + 0.01
∠(a,B0)=90◦-∠(c,B0)=54.7◦ OPL,σ‖a 0.17 0.11 + 0.01
OPL,σ‖B0 0.54 0.15 + 0.50
of the planar spectra in a, b ‖ B0 orientation to planar O with the external mag-
netic field along the bond σ ‖ B0 (σ) and those with the field perpendicular to
their Cu-O-Cu bond σ ⊥ B0 (⊥), is of interest. The assumption of finding the
maximal quadrupole splitting along the bond is based on an O 2pσ hole content
dominating the planar O’s EFG, which is found to be the case for all hole-doped
HTSCs [Haase et al., 2004].
A further possibility to affirm the site assignment is an analysis of 17O spin
echo decay rates.
In Fig. 5.21 the spin echo decays for different sites and orientations are shown.
At room temperature one finds a Lorentzian spin echo decay for all sites and
orientations, which indicates a non-homonuclear origin of the decay. Homonu-
clear contributions are expected to be negligible, as only single transitions were
selectively excited and due to the finite T1 of
17O, cf. Ch. 3.4.2. The determined
spin echo decay rates are given in Table 5.1. After subtraction of the spin-lattice
contribution (T−12R ) one finds still a considerable decay rate for planar oxygen.
With the previously made site assignments one finds a ratio of (T ∗2
−1−T−12R )PL,σ :
(T ∗2
−1 − T−12R )PL,⊥ = 3.6 for the two planar O sites with the magnetic field in the
CuO2 plane. This is quite close to the ratio of dipolar couplings of planar
17O to
63,65Cu in the respective directions 〈ω2〉O−Cu,σ : 〈ω2〉O−Cu,⊥ = 3.9 as opposed to
the ratio of couplings to 141Pr which is 〈ω2〉O−Pr,σ : 〈ω2〉O−Pr,⊥ = 2.2, which sug-
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Figure 5.21: 17O spin echo decay for various orientations and sites. (a-c) show
room temperature measurements, (d) and (e) at 370 K and 390 K, respectively.
Orientations, as indicated by the sketches on the right side, are (a) c ‖ B0, (b)
a ‖ B0 and (c-e) in the magic angle, see text. Full black lines indicate fitted
Lorentzian spin echo decay, cf. Table 5.1. Also shown in (d,e) is the expected
decay due to coupling to Cu T1-fluctuations as simulated by Walstedt (narrowing
parameter of 0.5 in red, and 1 in magenta) as well as according to Recchia’s
Gaussian-approximation (blue) given by (3.26).
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gests that Cu T1 may be the origin of this decay.
∗ Assuming a 63T1,c = 15 µs with
the 63T1-anisotropy found at 390 K, a fairly good agreement for measured spin
echo decay rates with the calculated values is found, cf. Tab. 5.1. This value for
63T1 is reasonable due to the vicinity of the TN and similar to the estimate from
63Cu signal intensities (≈ 10 µs), but eventually hard to verify experimentally.
In order to further confirm the site assignment based on Cu-induced spin echo
decay, further transverse relaxation measurements were performed in another
crystal orientation. By orienting the crystal such that its a-axis† makes an angle
of 54.7◦, the so-called ’magic angle’, with B0 which lies in the ac-plane, we have
a vanishing dipolar interaction with the nearest Cu neighbors for those planar O
with their bond along the a-axis, cf. sketch on the lower right side of Fig. 5.21.
The resulting small dipolar coupling of 〈ω2〉1/2O−Cu,54.7◦ = 0.70 ms−1 is due to Cu
spins further away. The other half of planar O with their σ-bond along the b-axis
will experience the regular transverse dipolar field from their nearest Cu neighbors
resulting in a much stronger hetero-nuclear coupling 〈ω2〉1/2O−Cu,90◦ = 5.68 ms−1.
As shown in Tab. 5.1 in the case of vanishing nearest Cu neighbor interaction
the transverse relaxation is almost entirely due to the Redfield contribution.
As the temperature is increased further into the paramagnetic regime, whereby
the Cu T1 increases, the effect on O is increased, cf. Sec. 3.4.2. As shown
in Fig. 5.21(c-e) for planar O with the minimized dipolar coupling to Cu (left
triangles), the exponential behavior is present up to 390 K where again we
find T ∗2





−1 = 0.33 ms−1,63T−12,IS = 0.06 ms
−1 and
T−12R = 0.33 ms
−1. For the other planar site (right triangles) the narrowing pa-
rameter [Walstedt and Cheong, 1995] exceeds 0.25 at higher temperatures with a
value of ≈ 0.5 at 390 K. Fig. 5.21(c-e) shows a qualitative change in the character
of the relaxation for this orientation towards a gaussian-like decay. For com-
parison the simulated echo decays by Walstedt and Cheong [1995] for narrowing
parameters of 0.5 and 1 are shown. Also shown is the decay expected according to
∗The 63,65Cu spin-lattice fluctuations are treated as one source of spin echo decay, since
their respective gyromagnetic ratios and therefore also their T1-values are sufficiently similar,
such that this does not affect the resultant contributions. Additionally it is unclear for the
phenomenological treatment of Walstedt and Cheong [1995] how two differing contributors
would cumulate.
†Again, arbitrarily chosen since a and b are equivalent, and the distinction only simplifies
the argument.
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Recchia et al. [1996] given by (3.26) with the Cu spin-lattice relaxation found ex-
perimentally, which gives astonishingly good agreement with the observed signal
decay.
The analysis of spin echo decays confirms the site assignment unambiguously.
The NMR parameters determined for the identified O sites and orientations
in undoped Pr2CuO4 are summarized in Table 5.2. While for inter-layer O the
magnetic shift and EFG tensors are symmetric with the principal axis along c,
one finds that for planar O the magnetic shift and EFG tensors are asymmetric
with their principal components along the σ-bond direction, as expected from the
respective sites’ symmetries. In particular, the EFG for planar O is surprisingly
similar to that found for optimally hole-doped YBa2Cu3O6+y [Haase et al., 2004],
which will be discussed in the following analysis, Ch. 5.3.2-5.3.4.
Table 5.2: 17O NMR parameters of undoped Pr2CuO4 determined at room tem-
perature for the planar (PL) and inter-layer (IL) O sites and different orientations
of the external magnetic field B0 of 17.6 T and 7.05 T. Second order quadrupolar
shifts for orientations differing from Vzz have been subtracted.
site PL PL PL IL IL
orientation c ‖ B σ ‖ B σ, c⊥B c ‖ B c⊥B
17K [%] 0.14 -0.07 0.25 0.09 0.36
17ΓK [%] 0.04 0.06 0.06 0.04 0.05*
17Kij Kxx Kzz Kyy Kzz Kxx = Kyy
|17ν ′Q| [kHz] 340(3) 950(5) 610(5) 75(4) 37(4)
(17Γ′Q)/(
17ν ′Q) ≤ 0.03 ≤ 0.02 ≤ 0.02 ≤ 0.06 n/a
Vij Vxx Vzz Vyy Vzz Vxx=Vyy
17T1 [ms] 45(5) 47(4) 57(5) 25(4) 46(5)
* estimated only at 7.05T due to line overlap at 17.6T
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Doping-dependence As already expected from the measurements on powder
samples, the 17O NMR spectrum in c ‖ B0 orientation are hardly affected by
doping with electrons, as shown in Fig. 5.22, quite contrary to what is found for
Cu in the previous subsection.
Similar to the spectra shown for the parent compound, spectra where obtained
by spin echo FTs of selectively excited transitions. The smaller spectral intensity
for inter-layer O is due to the choice of excitation conditions optimized for the
planar O central transition. As before, cf. inset of Fig. 5.18, similar spectral
intensities for both O sites were found when inspecting inter-layer O transitions
 













Figure 5.22: 17O NMR spectra of single crystals of Pr2−xCexCuO4 of different
dopings with c ‖ B0 (7.05 T) at room temperature. Overlapping spectra of inter-
layer O and planar O are indicated by five-pronged brackets on top.
86
5. Experimental Results and Analysis
selectively.
The most obvious spectral change with doping is an asymmetric line broad-
ening that is strongest for the outermost planar O transitions. It gives the low
frequency satellites a positive skew, while the high frequency satellite transitions’
skew becomes negative. This clearly hints at an asymmetric distribution of the
EFG. Upon closer inspection one can also note that the broadening of the first
lower planar O satellite around 40.4 MHz much less pronounced than that of the
first higher planar O satellite around 41.1 MHz, which is indicative of a non-zero
correlation of magnetic and quadrupolar distributions, cf. (3.19).
Other, less obvious effects of electron doping on the O spectra in c ‖ B0 are a
minor decrease in quadrupolar splitting (≈ 10 kHz for x = 0.15) for both sites,
as well as a decrease in magnetic shift and a magnetic broadening. These effects
are summarized in Fig. 5.24 and discussed below.
The doping dependent spectra of Pr2−xCexCuO4 with the field along an in-
plane axis, a, b ‖ B0, are shown Fig. 5.23. Again, both spectra show little doping-
induced changes. The most prominent change is an asymmetric broadening of
both planar O spectra that is strongest for the outermost satellites. Due to
the small splitting of the inter-layer O spectrum in this orientation, linewidth
changes cannot be discerned. Also observable is a decrease in mean splitting for
both planar O sites (∆|ν ′Q,σ| = 33 kHz and ∆|ν ′Q,⊥| = 32 kHz) as well as a slight
increase in shift for all three spectra.
Fig. 5.24 summarizes the doping-induced spectral changes observed for both
sites and orientations.
Due to the doping induced asymmetry of most of the resonances displayed
















σi = σ1 for ν ≤ νc
σi = σ2 for ν ≥ νc
. (5.1)
where the FWHM Γ is characterized by the sum (σ1 + σ2) =̂ 2σ ≈ Γ/1.177
which is very stable against variations of the fitting parameters. Particularly
for broad lines the determination of the peak frequency νc is very sensitive to
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Figure 5.23: 17O NMR spectra of single crystals of Pr2−xCexCuO4 of different
dopings with a, b ‖ B0 (7.05 T) at room temperature. Overlapping spectra of
inter-layer O, planar O with field along and perpendicular to the σ bond are
indicated by five-pronged brackets on top.
small variations of σ1,2 and therefore not reliable. The mean frequency, given by




)σ2, on the hand is largely parameter-independent. The
magnetic and quadrupolar contributions to the linewidth, depicted in Fig. 5.24
(a) and (c), respectively, were determined for the quintuplet of lines of each site
and magnetic field orientation using (3.19). The magnetic linewidth, 2σM ≈
0.05 %(=̂ 20 kHz at 7.05 T), is similar for all sites and orientations, and largely
doping independent. The quadrupolar linewidth contribution on the other hand
increases from zero to about 25 kHz and 10 kHz at optimal doping for planar O
and inter-layer O, respectively.
The doping-dependent shift in Fig. 5.24 (b) shows that the changes are orienta-
tion rather than site dependent, indicating the same origin, e.g. the macroscopic
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Figure 5.24: Doping dependence of 17O NMR spectral parameters of single crys-
tals of Pr2−xCexCuO4 for planar and inter-layer O, cf. legend on the upper right.
(a) and (c) depict doping evolution of determined magnetic and quadrupolar
linewidth (2σ ≈ Γ/1.177), respectively. Dotted lines are guides to the eye. In
(b) the doping dependent shifts are displayed, right axis refers to central tran-
sition resonance frequency νCT at 7.05 T with second order shift removed (ν
(2)
Q
is 9 kHz for planar O in c ‖ B0, 13 kHz for σ ⊥ B0 ⊥ c and zero/negligible
for all others). (d) displays doping dependent change of quadrupole splittings,
∆ν ′Q(x) = ν
′
Q(x) − ν ′Q(x = 0), with the convention that the splitting is positive
along the principal axis (c for inter-layer O and σ for planar O) and therefore
decreases, while others are negative and increase upon doping. Solid lines are
linear fits to the data with the condition of traceless EFG changes.
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susceptibility, that is found to be dominated by Pr moments [Williams et al.,
2004].
The change of quadrupole splitting, ∆ν ′Q(x) = ν
′
Q(x) − ν ′Q(x = 0), for the
different sites and orientations is displayed in Fig. 5.24 (d). Also shown are fits to
the data with the constraint of a traceless change of the EFG, i.e. that the sum
of changes for the principal axis splitting is zero. While the changes observed in
inter-layer O splitting show symmetry about the c axis, ∆ (νQ,IL,ab, νQ,IL,ab, νQ,IL,c) =
(5, 5, 10) kHz, the changes for planar O oxygen are rather asymmetric with the
main axis along the σ-bond ∆(νQ,PL,c, νQ,PL,⊥, νQ,PL,σ) = (11, 29, 35) kHz. How-
ever, it should be noted that these changes are small compared to the parent
splittings, (νQ,PL,c, νQ,PL,⊥, νQ,PL,σ) = (340, 610, 950) kHz, and comparable to the
quadrupolar line broadening.
In Fig. 5.25 the 17O spin-lattice relaxation times and spin echo decay times
are displayed for the different sites and orientations. Opposed to what has been
observed for planar Cu, planar O spin-lattice relaxation time is rather long, fairly
isotropic and much less affected by the electron doping with the decrease from
zero to optimal doping by a factor of less then one half. Similar spin-lattice
relaxation times found for inter-layer O, which are even less doping-dependent
showing only a slight increase with doping.
The spin echo decay times shown in the upper panel of Fig. 5.25 have been
corrected for the spin-lattice contribution (3.24). All sites and orientations show
a similar doping dependence: the Lorentzian decay observed in the parent is
enhanced by electron doping with 17T2 dropping by approximately one order
of magnitude at 10 % doping, at optimal doping the decay becomes Gaussian.
Similar to the observed echo decay rates and their temperature dependencies in
the parent, that could be assigned to Cu T1 fluctuations, the doping dependent
decrease in the Cu spin-lattice relaxation rate, cf. Fig. 5.17, matches the observed
decrease in the O T2 up to x = 0.10 within experimental uncertainties. As also
discussed above and in Sec. 3.4.2, a change of spin echo decay towards a Gaussian-
like decay is expected upon further decrease of 63T1.
Overall the doping induced changes observed are minor in comparison to what
was found for Cu, which indicates that neither O site is strongly affected by
electron-doping. The lack of site specificity in changes of magnetic shifts and
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Figure 5.25: Doping dependence of 17O NMR relaxation times of single crystals
of Pr2−xCexCuO4 for planar and inter-layer O, cf. legend in the lower panel.
The upper panel shows spin echo decay times with the spin-lattice effects already
removed. At low dopings the echo decay is Lorentzian and changes to Gaussian
(red filled symbols) at optimal doping. The lower panel displays magnetic spin-
lattice relaxation times.
linewidths indicates a common origin. The changes of quadrupolar splitting,
although small, are different for both sites and all orientations. The small and
doping-independent magnetic linewidths and spin-lattice relaxation rates of either
O site is in stark contrast to the observations for Cu. This is in accord with
assigning the broad Cu magnetic linewidth and fast spin-lattice relaxation rates
at lower doping to antiferromagnetic correlations, since these should cancel at
either O site.
The observed doping effects will be discussed in more detail in the following
section.
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5.3 Analysis
In this section, based on the experimental observations of 17O and 63,65Cu NMR
summarized in the previous two sections as well as literature data, some open
questions regarding HTSCs, in particular electron-doped cuprates will be ad-
dressed.
The absence of indications for a strong indirect spin-spin coupling in electron-
doped HTSCs, as it is found in hole-doped cuprates and attributed to antiferro-
magnetic couplings, is discussed in Sec. 5.3.1.
In Sec. 5.3.2 the doping-dependent quadrupole splittings are analyzed showing
that doped electrons almost exclusively go into planar Cu orbitals, as opposed to
doped holes that predominantly go to planar O.
Then, in Sec. 5.3.3, an analysis of the gathered data together with available
literature data on undoped parent compounds is presented, which shows that
the considerable differences observed in 17O and 63,65Cu quadrupole splittings in
these different systems can very well be described by extending the analysis of
Sec. 5.3.2.
Based on these findings, the possibility of extending the analysis to other
HTSCs is explored in Sec. 5.3.4. Despite limitations, that are discussed, it appears
to be possible to extract absolute charge densities from 17O and 63Cu quadrupole
splittings for different structures and dopings of HTSCs. The resultant charge
densities for different systems are then discussed in correlation to system specific
properties.
Further observations, not discussed in this section, that are revealed by ana-
lyzing NMR data on electron-doped cuprates can be found in App. B.2.
5.3.1 Supression of indirect coupling by electron doping
A central quantity in the NMR investigation of hole-doped HTSCs is the rather
short Gaussian spin echo decay time T2G, which was discovered early on [Pen-
nington et al., 1989a] to originate from an indirect spin-spin coupling that exceeds
the direct coupling by about one order of magnitude. This indirect coupling was
in the following shown to be mediated by antiferromagnetic electronic correla-
tions, and therefore used to characterize the static electronic spin susceptibility.
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A review of the work done can be found in Walstedt [2008].
Contrary to hole-doped HTSCs, reports on electron-doped cuprates unani-
mously report Lorentzian spin echo decays with comparatively long relaxation
times, in accord with the data presented in Sec. 5.1 and 5.2.
The 63Cu spin echo decay in the parent compound shown in Fig. 5.26 displays
a rapid Gaussian decay with a rate, T2G = 23(3) µs, that is also an order of
magnitude in excess of what is expected from homonuclear dipolar coupling,
63 〈∆ω2〉−1/2II = 0.36 ms. Such an enhanced Gaussian decay is, however, not
found in the electron-doped materials.
Figs. 5.27 & 5.28 show the temperature-dependence of the measured Lorentzian
spin echo decay rates 63T ∗2
−1 of 63Cu in electron-doped infinite-layer compound
Sr1−xLaxCuO2 and electron-doped T’-structure Pr2−xCexCuO4 , respectively.
In absence of an indirect coupling, one could expect dominant contributions
to the 63Cu spin echo decay: the Lorentzian Redfield contribution (red lines)
due to spin-lattice interaction and a temperature-independent contibution due to
0 10 20 30
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 = 23 μs)

















Figure 5.26: 63Cu spin echo decay in undoped Pr2CuO4 in c ‖ B0 at 400 K for
central transition (black) and satellite transition (red) with Redfield contribution
removed.
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Figure 5.27: Temperature dependence of experimentally measured Lorentzian
spin echo decay rates 63T ∗2
−1 () for different dopings of Sr1−xLaxCuO2
(◦) and different orientations of B0, also shown are spin-lattice contribu-







2 (l). Data for x = 0.10 are from Williams et al. [2005] and
Williams et al. [2002], for x = 0.07 from Verkhovskii et al. [2003].
direct homonuclear dipole coupling (l)∗. It is apparent that the observed decay
rates (black symbols) by and large do not exceed the expectation from combining
these two contributions for Sr1−xLaxCuO2 as well as Pr2−xCexCuO4. This clearly
indicates the absence or suppression of an indirect coupling that is associated with
antiferromagnetic couplings in hole-doped HTSCs and appears to be present in
the parent material Pr2CuO4.
There are, however, a few exceptions in the data on electron-doped cuprates
shown in Figs. 5.27 & 5.28 where the observed echo decay rates do exceed what
is expected. These are the following and will be discussed below:
(i) the divergence of T ∗2
−1 in Pr1.85Ce0.15CuO4 for T → 0 K,
∗In particular, the Gaussian character expected for the homonuclear contribution can be




is the time for which a Gaussian decay decreases to 1/e. The exact contribution is hard to
determine lacking the actual decay data for the various literature values of T ∗2
−1. The Gaussian
contribution to the measured T ∗2
−1 depends strongly on the range of echo times 2τ since its
effect is negligible for 2τ  63TII and dominant for 2τ > 63TII .
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Figure 5.28: Temperature dependence of experimental Lorentzian spin echo decay
rates 63T ∗2
−1 (symbols) for different dopings of Pr2−xCexCuO4 and different orien-
tations of B0. Also shown are spin-lattice contributions
63T−12R (red lines) and the






(l). In addition to data presented in Sec. 5.1 (,—) literature data from Williams
and Haase [2007](), Williams et al. [2004](· · · ) and Zamborszky et al. [2004]
(×,r) are shown. In (c,d) also decay rates from Zamborszky et al. [2004] mea-
sured for a different sequence 90◦−τ−50◦−τ−echo are shown (+), that refocuses
homonuclear contributions as well.
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(ii) the low temperature peaks in T ∗2
−1 for Pr2−xCexCuO4 (x = 0.15 and 0.20,
however, data for Pr1.90Ce0.10CuO4 do not exclude this phenomenon either)
and
(iii) the data for underdoped Pr1.90Ce0.10CuO4.
(i) Besides measuring decay rates for a regular spin echo in Pr1.85Ce0.15CuO4
(× in Fig. 5.28 (c,d)), Zamborszky et al. [2004] also employed another sequence ,
90◦ − τ − 50◦ − τ − echo, (+ in Fig. 5.28 (c,d)) that at least partially refocuses
homonuclear contributions, since the I-spins are not fully inverted by the second
pulse.
The discrepancy of the rates observed with the two sequences for T → 0 K, cf.
Fig. 5.28 (c,d), clearly indicates homonuclear coupling as dominant contribution
to the echo decay, with a coupling far in excess of the direct dipolar one (l).
Zamborszky et al. [2004] report a number of other experiments that confirm this,
although their conclusion of a “non-nuclear origin” is not warranted, since they
do not consider the excitation the broad quadrupolar background.∗ A strong
indirect coupling far in excess of direct dipolar coupling appears to be present
for T < 20 K in electron-doped Pr1.85Ce0.15CuO4, similar to what is found in
hole-doped cuprates although at much higher temperatures.
(ii) The rates observed by Zamborszky et al. [2004] with the two sequences
above 20 K, on the other hand, are in excellent agreement, which suggests that
neither direct nor indirect homonuclear coupling play a pivotal role for the echo
decay in that temperature range, that also includes the T ∗2
−1-peak at low T.
Closer inspection reveals that these peaks, although different for the two orien-
tations, appear to be very similar for 15 % and 20 % doping of Pr2−xCexCuO4 in
terms of the peak temperature (Tpeak,c‖B0 = 20.0(6) K and Tpeak,c⊥B0 = 24.1(2) K).
At high temperatures (50 K to 300 K) the measured decay rate T ∗2
−1 is approx-
imately linear in T. Subtracting this linear contribution one finds the low tem-
perature peaks for 15 % and 20 % doping also in agreement in their widths in
∗The analysis of Zamborszky et al. [2004] argues that they can exclude homonuclear coupling
by applying the second pulse of the spin echo partly off-resonance (∆νRF = 2 MHz). They,
however, disregard the quadrupolar satellites that overlap with and are wide spread around
the central transition for 63Cu NMR of Pr1.85Ce0.15CuO4 , cf. Sec. 5.2.1. Taking into account
the excitation of (±3/2 ↔ ±1/2) transitions, one can explain their data for the divergent
63T ∗2
−1(T → 0 K) in terms of homonuclear coupling.
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temperature (∆Tpeak,c‖B0 =16(4) K and ∆Tpeak,c⊥B0 =21(1) K) as well as the peak
height (63T peak2,c‖B0
−1
= 5(2) ms−1 and 63T peak2,c⊥B0
−1
= 8.4(1) ms−1).
A likely origin would be the slowing of 141Pr T1-fluctuations with decreasing
temperature, where the maximal effect is expected for 63−141 〈∆ω2〉IS
1/2 · 141T1 ≈ 1.
With the dipolar heteronuclear coupling 63−141 〈∆ω2〉IS of 1.86 · 107 s−2 in c ‖ B0
and 9.46 · 106 s−2 in c⊥B0, one can estimate the 141Pr spin-lattice relaxation
rates for the respective temperatures and orientations as 141T−11,c‖B0(T = 20 K) =
3.1 ms−1 and 141T−11,c⊥B0(T = 24 K) = 4.3 ms
−1. Although not in contradiction,
the 141Pr NMR measurements of 141T−11 by Bakharev et al. [1992] (for T ≤ 4 K)
show increasing rates with temperature that reach comparable values already at
4 K.
Furthermore, the peak heights for the different orientations should reflect, but
not exceed, the respective couplings, i.e. 63T peak2
−1
. 63−141 〈∆ω2〉1/2IS . The found
peak rates, however, are in excess of what is warranted by direct dipolar coupling







cannot be explained by direct dipolar coupling to 141Pr T1-fluctuations. Evidence
for an indirect coupling to the Pr is discussed in App.B.2 in course of the 63Cu
shift analysis.
(iii) Only for the underdoped Pr1.90Ce0.10CuO4 one finds, also at high temper-
atures, Cu spin echo decay rates in excess of the expectation from Redfield and
direct homonuclear contribution, hinting at a coupling that is 2-3 times larger
than the direct coupling. This is much less than found for hole-doped HTSCs
[Walstedt, 2008, Ch. 6] and the parent material Pr2CuO4 discussed above. Over-
all, the spin echo decay data indicate a suppression of an indirect coupling by
doping of electrons.
In order to verify the absence (or suppression) of an indirect coupling in the
electron-doped cuprates a SEDOR experiment between planar 63Cu and 65Cu
in optimally doped Pr1.85Ce0.15CuO4 was performed. The results are shown
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in Fig. 5.29 where they are compared to a similar experiment in hole-doped
YBa2Cu3O6+y by Pennington et al. [1989a]. Here, the observed signal decrease
(symbols, solid lines) of a fixed-time SEDOR experiment, cf. Sec. 4.2.2, is com-
pared to the expected decrease due direct heteronuclear coupling 63−65 〈∆ω2〉IS
between the two isotopes of planar Cu.

















































Figure 5.29: Fixed-time SEDOR (symbols) signal of planar 63,65Cu in hole-
doped YBa2Cu3O7 (blue) from Pennington et al. [1989a] and electron-doped
Pr1.85Ce0.15CuO4 (red). Pulse sequence depicted above. Expected decay (r) from
direct dipolar heteronuclear coupling, 63−65 〈∆ω2〉IS, shown in comparison to ob-
served decay (—) characterized by T2,SEDOR. For YBa2Cu3O7 the π-pulse affects
only the central transition of the S-spin system, while for Pr1.85Ce0.15CuO4 the
overlapping satellites are also partially affected such that 63−65 〈∆ω2〉IS lies be-
tween values for coupling to all S-spin states mS and coupling only to mS = ±1/2.
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the central transition of the S-spin, which has to be accounted for in the cal-
culation of the coupling in (3.18).∗ In the experiment on Pr1.85Ce0.15CuO4 a
selective inversion of the S-spin central transition cannot be realized due to its
overlap with the quadrupolar broadened satellites, which will also be affected
by the inversion pulse. Therefore the direct coupling relevant for this SEDOR
experiment will be in between that of a selective excitation of the central transi-
tion (63−65 〈∆ω2〉−1/2IS = 2370 µs) and that of an inversion of the entire spectrum
(63−65 〈∆ω2〉−1/2IS = 750 µs), although it can be expected to be closer to the lat-
ter. Even though the excitation width of the π-pulse (τπ = 3 µs) is insufficient
to invert all S-spins, the side lobes of the excitation profile (sinc function) will
nonetheless affect most of the quadrupolar broadened satellites, such that the
spin states m = ±3/2 will also be disturbed. Comparison shows that while in-
direct coupling enhances the SEDOR decay rate by a factor 10 in hole-doped
YBa2Cu3O7, the rate observed in Pr1.85Ce0.15CuO4 is only increased by a factor
of about 2 which is in agreement with the observations above, cf. Fig. 5.28 (c,d).
As for planar 17O, it was already shown in the course of the site assignment
in Sec. 5.2.2 that for the undoped parent compound Pr2CuO4 the spin echo decay
rates can be attributed to the Redfield contribution and direct heteronuclear cou-
pling to Cu T1-fluctuations. As previously mentioned, homonuclear contributions
to the 17O spin echo decay are negligible, as is expected for transition-selective
measurements (even if the abundance of exchanged 17O were 100%).
Upon doping the origins of both contributions change, i.e. the T1 of planar
17O and 63Cu. Fig. 5.30 shows the planar 17O spin echo decay rate with the
Redfield contribution removed, 17T2,α, and divided by the heteronuclear coupling
to 63Cu, 63−17 〈∆ω2〉IS,α, for the three orientations of B0 as a function of the Cu
63T1,α for the respective doping and orientation. The expected behavior of the
effective 17T−12,eff according to (3.26) is given by the solid lines for the respective
orientations. The good agreement with the changes of the measured rates for all
three orientations shows that also the doping dependent data do not indicate a
∗If only coupling to the central transition is considered, the summation in (3.18) is limited
to S-spin states ±1/2. This is accounted for by setting S = 1/2 and including a factor 1/2 since
for T  0 K one half of all Cu S-spins will be in ±3/2-states and therefore not contributing.
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Figure 5.30: Dependence of planar 17O spin echo decay rate on spin-lattice relax-
ation of planar 63Cu for different orientations α of B0.
17T−12,α for different orienta-
tions are divided by respective dipolar heteronuclear coupling 63−17 〈∆ω2〉IS,α to




in gray) the effect of 63Cu T1-fluctuations on the
17O echo decay are well-described
by 17T2,IS−Cu =
63−17 〈∆ω2〉IS,α ·63 T1,α (dotted line) according to Walstedt and
Cheong [1995]. The expected behavior according to (3.26) from Recchia et al.
[1996] is also shown (solid lines) for the different orientations.
strong indirect coupling.
Finally the temperature dependence of the 17O spin echo decay is inspected
for the underdoped system Pr1.90Ce0.10CuO4 in Fig. 5.31. The comparison of the
observed decay (symbols) for different temperatures (Fig. 5.31 (a)) with the ex-
pected decay (solid lines), due to Redfield contribution and direct coupling to
Cu T1-fluctuations, reveals the presence of another contribution. This contribu-
tion appears to be largely temperature-independent in the observed range, as is
shown in the Fig. 5.31(b) where the expected echo decay has been removed from
the data. A clear distinction between Gaussian and Lorentzian decay for this ad-
ditional contribution is not possible due to the signal to noise ratio, corresponding
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Figure 5.31: (a) Temperature dependence of spin echo decay (symbols) of planar
17O in c-aligned Pr1.90Ce0.10CuO4 with c ‖ B0 as measured for first and second
lower satellites. Also shown is the expected decay (solid lines) due to coupling to
Cu T1-fluctuations, cf. (3.26), and the Redfield contribution, cf. (3.24). (b) Ratio
of measured and expected signal decay from panel (a) along with Lorentzian (· · · )
and Gaussian decay (r) corresponding to relaxation times of 0.7 ms and 0.5 ms,
respectively.
relaxation times are 0.5 ms and 0.7 ms, respectively. This is far in excess of direct
homonuclear spin echo decay (one order of magnitude at 100% 17O abundance),
but similar to the decay rate due to coupling to Cu T1-fluctuations. A possible
indirect coupling to Cu therefore would correspond only to an increase by a factor
of approximately two, similar to what has been noted above.
In conclusion, it appears that strong indirect coupling causing a rapid Gaus-
sian spin echo decay in undoped and hole-doped cuprates is suppressed by electron
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doping.
The rapid Gaussian 63Cu spin echo decay observed in the parent Pr2CuO4 is
generally not found for electron-doped samples, Pr2−xCexCuO4 (x = 0.10, 0.15, 0.20)
and Sr1−xLaxCuO2 (x = 0.07, 0.10). An exception is a strong increase with T → 0
for temperatures below 20 K as observed by Zamborszky et al. [2004], that may
originate from an onset of indirect coupling at low temperatures. A SEDOR ex-
periment in the optimally doped Pr1.85Ce0.15CuO4 at room temperature confirms
that the in-plane coupling between Cu nuclear spins is enhanced by a factor of
about two, i.e. that a possible indirect coupling is of similar strength as the direct
coupling. This is contrasted by an enhancement of the coupling by an order of
magnitude in hole-doped HTSCs.
Similarly, the 17O decay rates found do not indicate a strong indirect coupling
for any doping of Pr2−xCexCuO4 investigated. The echo decays can be fairly
well described by the Redfield contribution together with coupling to Cu T1-
fluctuations. It is found that, also here, a possible indirect coupling does not
exceed the direct coupling, similar to findings in hole-doped HTSCs [Walstedt,
2008, Ch. 6].
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5.3.2 Following the doping of charges into the CuO2 plane
Since the NMR quadrupole splitting measures the EFG at the nuclear site and
thereby also partial occupation of anisotropic orbitals (non s-like), quite naturally
many attempts were made to extract the occupation of planar Cu and O orbitals
[Asayama et al., 1996; Haase et al., 2004; Zheng et al., 1995].
Haase et al. [2004] took a somewhat unique approach as they (i) used electric
hyperfine coefficients from atomic spectroscopy to determine hole densities at
planar Cu and O, and (ii) accounted for the effect of planar O holes on the Cu
EFG due to overlap of 4 neighboring O 2pσ with Cu 4p. Their analysis focuses
on hole content in the Cu 3dx2−y2 and O 2pσ orbitals as primary source of the
EFG experienced by planar 63Cu and 17O nuclei. For the principal value of planar
63Cu quadrupole splitting (in c ‖ B0) they deduce:
63νQ,c = 94.3 MHz · nd − 14.2 MHz · β2(8− 4np) + 63Cc (5.3)
and for planar 17O (in σ ‖ B0):
17νQ,σ = 2.453 MHz · np + 17Cσ, (5.4)
where the first term on the r.h.s of (5.3) and (5.4) accounts the EFG due to the
hole content nd and np in the bonding orbitals Cu 3dx2−y2 and O 2pσ, respectively.
The second term on the r.h.s. of (5.3) is due to the overlap, characterized by
β2 = 0.4, of the in-plane Cu 4p orbitals with O 2pσ of the four neighboring planar
O. The material specific constants 63Cc and
17Cσ were introduced to account for
the differences in quadrupole splittings of different parent compounds, Haase et al.
[2004] determined those based on theoretically predicted parent hole contents of
nd = 0.78 and np = 0.11.
For the 63Cu and 17O splittings along axes perpendicular to the respective
principal axes, their prefactors for nd,p in (5.3) and (5.4) are simply divided by




∗. Due to the asymmetry of the
planar O EFG tensor the offset values for 17O perpendicular to the σ-bond have
∗-1/2 if the quadrupole splittings for different orientations are given with signs, accounting
for a traceless EFG
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Figure 5.32: Doping-dependent changes of planar 63Cu (left) and 17O
(right) quadrupole splitting in c ‖ B0 for electron-doped Pr2−xCexCuO4 and
Nd2−xCexCuO4, as well as hole-doped La2−xSrxCuO4. Ce content in electron-
doped cuprates is taken as negative doping, x ≤ 0. Also shown are the expected
changes according to (5.5) and (5.6) for all doped charges entering Cu 3dx2−y2
(full green line), ∆nd = x, or O 2pσ (dashed red line), 2∆np = x.
to be determined seperately.
Haase et al. [2004] showed that for the hole-doped cuprate families La2−xSrxCuO4
and YBa2Cu3O6+y (y ≥ 0.6) doped holes predominantly go to the planar O site,
and furthermore, that the observed hole density changes match the stoichiomet-
rically doped holes in case of La2−xSrxCuO4.
∗
Such an analysis was hitherto impossible for the electron-doped cuprates since,
as previously mentioned, the availability of 63Cu data was quite limited and for
17O non-existent.
Dispensing with the material specific constants 63Cc and
17Cσ, the origin of
which shall be addressed in the next subsection, we will limit ourselves to the
examination of doping-induced changes of the quadrupole splitting. From (5.3)
∗For YBa2Cu3O6+ythe amount of hole-doping is not so easily extracted from stoichiometry,
as valence changes occur also outside the CuO2 plane.
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and (5.4) one finds:
∆ 63νQ,c(x) =
63 νQ,c(x)−63 νQ,c(0)
= 94.3 MHz ·∆nd + 14.2 MHz · β2 · 4∆np (5.5)
∆ 17νQ,σ(x) =
17 νQ,σ(x)−17 νQ,σ(0)
= 2.453 MHz ·∆np . (5.6)
In Fig. 5.32 the changes of 63Cu and 17O splittings are displayed for hole- and
electron-doped cuprates. Also displayed are the changes expected according to
(5.5) and (5.6) for the extremal scenarios that all doped charges go to Cu 3d(x2-
y2) (green), ∆nd = x, and the contrary case with all doped charges entering O
2p(σ) (red), 2∆np = x.
As Haase et al. showed, doped holes mainly go to planar O. For the electron-
doped systems on the other hand one finds the doped electrons almost exclusively
going to planar Cu, e.g. ∆nd = 0.13 and ∆np = 0.014 at optimal doping x = 0.15
of Pr2−xCexCuO4. Similar to what was found for hole-doped La2−xSrxCuO4,
the EFG changes observed, when analyzed according to (5.3) and (5.4), ac-
count quantitatively for the stoichiometric amount of doped electrons, as de-
picted in Fig. 5.33. It should be stressed here that these systems of T-structure
(La2−xSrxCuO4) and T’-structure (Nd2−xCexCuO4 and Pr2−xCexCuO4) belong to
the few HTSC systems where the amount of doping x can be deduced immediately
from the stoichiometry, which is comparatively easy to control. For many other
HTSC systems the amount of doped charges is less accessible, where for instance
doping is controlled by the O occupation of an interstitial, non-stoichiometric
site. There the doping amount is conventionally only referred to by Tc and the
distinction between under- and overdoped, cf. App. B.1.
The quantitative agreement for different systems with known amount of doped
holes or electrons hints at the validity of the analysis of Haase et al. [2004] in
terms of doped charges.
It is, overall, not unexpected, that most of the doped electrons go to Cu, cf.
Chs. 2.3 and 2.4. What is surprising, are the unexpectedly high O splittings in
the parent compounds Pr2CuO4 and Nd2CuO4 (exceeding that of La2−xSrxCuO4
and similar to optimally hole-doped YBa2Cu3O6+y), that are hardly affected by
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Figure 5.33: Changes of Cu 3dx2−y2 and O 2pσ hole densities, nd (blue) and np
(red), deduced according to (5.3) and (5.4) for La2−xSrxCuO4 (open circles) and
Pr2−xCexCuO4 (full up triangles). Also shown is the total deduced change in hole
content 2np +nd (black) along with the expected increase for all charges entering
the CuO2-plane.
doping. This hints at a substantial oxygen hole content in these electron-doped
systems, that is preserved throughout the accessible doping range. In order to
investigate this, a closer inspection of the constants 63Cc and
17Cσ, introduced as
material-specific, is provided in the following subsection.
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5.3.3 Charge distribution in the undoped CuO2 plane
Naturally, a deeper insight into the mechanism of high-Tc superconductivity re-
quires not only an understanding of the distribution of doped charges in HTSCs,
but the determination of absolute charge densities within the CuO2 plane from
NMR data is desirable. Since it was shown in the previous subsection that the
distribution of doped charges within the CuO2 plane can be quantitatively de-
scribed without adjustable parameters, the next step is to see what can be learned
about the undoped CuO2 plane.
Initial attempts to account for the widely varying planar Cu quadrupole split-
tings experimentally observed [Adrian, 1988; Garcia and Bennemann, 1989; Pen-
nington et al., 1989b; Shimizu, 1993; Shimizu et al., 1988], were based on viewing
these various structures as largely ionic in character and employing a point-ion
model with Sternheimer [Sternheimer, 1954] correction terms of the form:
Vαα = (1− γ∞) · V lattαα + (1−RStern) · V locαα (5.7)








ionic charges ei and the local EFG V
loc
αα is that of the free ion. The Sternheimer
antishielding terms (γ∞) are then supposed to account for the polarization of
the target ion due to the lattice EFG and possible overlap of the ions valence
shell with neighboring ions (RStern). Within this picture both parameters are
assumed to be universal for all cuprates [Shimizu, 1993], although they can not
be calculated a priori and have to be determined empirically.
This simple ionic picture, however, proved to be too crude. Experimentally
determined Sternheimer antishielding factors vary widely in dependence on the
investigated systems with the most commonly used values of γ∞ = −20, −10
and RStern = 0.2, 0.1 for Cu and O, respectively, [Stoll et al., 2002]. This method
only roughly approximates the quadrupole splitting in dependence on V lattαα , with
a particularly poor fit for 17O data, as can be seen in Fig. 5.34. Naturally the
EFG symmetry (ηQ = 0) of sites with axial symmetry is properly predicted, for
planar O on the other hand the lattice sums underestimate the experimentally
found EFG asymmetry parameter, cf. inset in Fig. 5.34 (b).
From a more theoretical point of view Stoll et al. [2002] showed that the point-
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Figure 5.34: Experimental planar 63Cu and 17O EFGs vs. point-ion model
with Sternheimer anti-shielding for parent compounds La2CuO4 (squares),
YBa2Cu3O6 (circles), Nd2CuO4 (down triangle) and Pr2CuO4 (up triangle). (a)
63Cu data with expectation (black line) from (5.7) and parameters from [Shimizu,
1993]. (b) 17O data including inter-layer and apex O splitting in c ‖ B0 (in blue)
with expectation (black line) from (5.7) with γ∞ = −9 [Walstedt and Cheong,
2001]. inset: experimental vs. predicted planar O asymmetry parameters.
ion approach is not applicable, evidenced already by the sheer size of the deduced
17,63γ∞ which are far in excess of the applicability of Sternheimer’s pertubational
correction calculations. This is due to the at least partially covalent nature of
the planar Cu-O bond.
The point-ion model furthermore fails to account for the measured doping
dependence of the EFGs, since the lattice sums 17,63V lattαα are hardly affected by
doping while the planar 63Cu and 17O quadrupole splittings are highly sensitive
to electron and hole doping, respectively.
Later studies therefore successfully interpreted the doping dependencies of
planar quadrupole splittings in terms of hole densities in Cu 3d and O 2p orbitals
[Asayama et al., 1996; Haase et al., 2004; Hanzawa et al., 1990; Kupčić et al.,
1998; Zheng et al., 1995], as discussed in the previous subsection.
In order to assess the possibility of determining absolute values for the hole
content in Cu 3dx2−y2 and O 2pσ, a closer inspection of parameters
63Cc and
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Figure 5.35: 63Cu (black) and 17O (red) quadrupole splittings vs. planar Cu-
O distance dCu−O for HTSC parent compounds La2CuO4 (squares), YBa2Cu3O6
(circles), Nd2CuO4 (down triangle) and Pr2CuO4 (up triangle). Dashed lines are
guides to the eye.
17Cσ in (5.3) and (5.4) is needed. To that end, the inspection of undoped parent
compound EFGs is promising, simplifying matters as the planar hole density
should then be given by the inherent hole, i.e. x = 0 and nd + 2np = 1 . Parent
EFG data for 63Cu and 17O are, however, only available for YBa2Cu3O6 and
La2CuO4 [Haase et al., 2004] on the hole-doped side, as well as the two electron-
dopable T’-structures investigated in this work. In particular the 17O splitting is
of interest since it is expected to be largely independent of Cu 3d holes.
As shown in Fig. 5.35, the 17O splitting appears to increase linearly with Cu-
O distance dCu−O. This effect cannot be ascribed to a mere change in crystal
geometry, since the change in lattice sum for these systems would not yield a
linear increase (see Fig. 5.34) and for an increasing radial spread of the orbitals an
inverse cubic dependence would naively be expected, νQ ∝ d−3Cu−O. Analogously
the 63Cu quadrupole splitting shown in Fig. 5.35 decreases, also linearly with
dCu−O. Both effects hint at separation-dependent distribution of the hole between
Cu 3dx2−y2 and O 2pσ, which is at least qualitatively anticipated by first-principal
calculations [Bersier et al., 2006].
For the undoped parent materials (x = 0) the inherent hole, nominally in Cu
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3dx2−y2 , is partially shared with the bonding O 2pσ due to hybridization. One
can set nd + 2np = 1, without fixing nd or np. Applying this constraint to (5.3)
and (5.4) one may deduce a linear dependence of the planar Cu splitting on that
of planar O:
63νQ,c = −67.623 · 17νQ,σ + 63ν0Q,c, (5.8)
with the constant offset given by,
63ν0Q,c = 67.623 · 17Cσ + 63Cc + 48.86MHz. (5.9)
This linear dependence then describes the expected changes for a varying partial
transfer of the inherent Cu hole from Cu 3dx2−y2 to O 2pσ.
Fig. 5.36 shows the quadrupole splitting of planar Cu vs. that of planar O for
different parent compounds. The linear relationship is already expected from the
data shown in Fig. 5.35. The blue line, however, is given by (5.8) and we find the
offset in (5.9) to be 63ν0Q,c = 75.4 MHz.




































Figure 5.36: Parent compounds’ quadrupole splittings of 63Cu vs. that of 17O.
The sloped blue line corresponds to the expected slope from a variably distributed
hole, cf. (5.8). It follows that the pair of constants ( 63Cc,
17Cσ) is non-negligible,
i.e. significantly differs from (0, 0) (+), but corresponds to a point on the blue
line, i.e. fulfill (5.9) equal the offset of 75.4 MHz.
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different parent compounds indicates (i) that the pronounced differences in 63Cu
and 17O quadrupole splittings for the different undoped systems are well described
by a distribution of the one hole, nominally localized in Cu2+ 3dx2−y2 orbital,
between said orbital and the bonding O 2pσ orbital, and (ii) that the constants
63Cc and
17Cσ, originally introduced as material-specific by Haase et al. [2004],
are by and large universal for the systems investigated.
63Cc and
17Cσ are unfortunately not uniquely determined by (5.9) with
63ν0Q,c =
75.4 MHz, but must fulfill:
63Cc = −67.623 ·17 Cσ + 26.44 MHz, (5.10)
as indicated in Fig. 5.36, where the blue cross corresponds to ( 63Cc ,
17Cσ ) =
(0, 0), but any pair ( 63Cc ,
17Cσ ) fulfilling (5.10) corresponds to a point on the
line (indicated by arrows).
Equations (5.3) and (5.4) from the analysis of Haase et al. [2004] appear to
account, without any adjustable parameters, for the differences in 63Cu and 17O
quadrupole splittings in all HTSC parent compounds, where data are available,
in terms of a varying distribution of the inherent hole.
A higher oxygen hole content in electron-doped parent materials compared to
hole-doped cuprates was predicted early on [Ohta et al., 1991; Ohta et al., 1992]
and associated with a smaller charge-transfer gap in the former. Although in
qualitative agreement, the observed effect (nd(La2CuO4)− nd(Pr2CuO4) = 0.25)
is 4-5 times larger than initially predicted [Ohta et al., 1992]. More recently,
an analysis of optical and ARPES data by Xiang et al. [2009], as well as DFT
calculations by Bersier et al. [2006] show much better quantitative agreement the
differences the present analysis gives for the hole distribution in hole-doped and
electron-doped parent compounds.
Considering, as shown in the previous subsection, that the analysis also ac-
counts quantitatively for the amount of doped holes or electrons, one is tempted
to try to extract absolute hole densities for all HTSCs where quadrupolar data
are available. The next subsection will therefore discuss possibilities of estimating
( 63Cc ,
17Cσ ) in order to extract values for the absolute hole contents rather than
just their change with doping.
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5.3.4 Planar hole densities of HTSCs as determined by
NMR quadrupole splittings
Despite the wide range of planar 63Cu and 17O quadrupole splittings found for
various HTSCs, cf. App. B.1, a coherent picture nonetheless emerges [Rybicki
et al., 2014]. In particular, the various non-zero O EFG asymmetry parameters
17ηQ are somewhat puzzling, but closer inspection reveals that the asymmetry is
actually somewhat universal.
Firstly, 17ηQ 6= 0 cannot originate from the O 2pσ hole content that creates
an EFG symmetric about the sigma bond. Secondly, the range of values from 0.2
(YBa2Cu4O8) to 0.5 (La2CuO4) appears to be at odds with a system-independent
contribution to the 17O quadrupole splitting, i.e. with a universal 17Cσ.
Experimentally we find an EFG tensor denoted by Ξ that is characterized by
its three principal components ξii (|ξ33| ≥ |ξ22| ≥ |ξ11|) such that∗







(1 + ηξ), 1
)
, (5.11)
with the asymmetry parameter ηξ =
ξ11−ξ22
ξ33
. For planar Cu the site’s symmetry
dictates, and the data show, that Ξ is symmetric about the crystal c-axis, i.e. ξ33
corresponds to the c-axis with in-plane symmetry (ξ11 = ξ22). For planar O the
symmetry is dominated by the σ-bond with the directions along the c-axis and in-
plane perpendicular to the σ-bond non-equivalent, i.e. (ξ11, ξ22, ξ33) corresponds
to (νQ,c, νQ,⊥, νQ,σ).
In the last two subsections it was established that, for different dopings and
systems, the principal values of the quadrupole splittings of planar Cu and O
can be fairly well described with hole content, doped or inherently present, of Cu
3dx2−y2 and O 2pσ. The orbital hole content causes an axially symmetric EFG
X:









where x33 is given by (5.3) and (5.4) without the constants for Cu and O, respec-
tively.
∗Here, a new notation is employed to emphasize a different approach.
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To account for the offset ( 63Cc ,
17Cσ ) as well as the non-zero O asymmetry
parameter 17ηξ an additional background EFG C = (c11, c22, c33) is introduced,
that is perforce symmetric for Cu and asymmetric for O. The origin of this ’back-
ground’ EFG for O may be the local symmetry within the CuO2 plane, beyond the
above discussed bonding orbitals, as well as the composition of the neighboring
layers.
The experimentally measured EFG is then a sum of contributions from bond-
ing orbital hole-content and the background, Ξ = C +X. Its principal value and
asymmetry parameter are given by:





In particular, one finds that the measured asymmetry ηξ · ξ33 is solely given by
the background EFG:
ηξ · ξ33 = ξ11 − ξ22 = c11 − c22 (5.15)
The corresponding experimental data for planar O EFG asymmetry of various
HTSCs vs. the principal value are shown in Fig. 5.37. Apparently for different
dopings and even different compounds the values are quite similar. In particular
there are two distinct groups of HTSCs, one with 17νQ,σ ≤ 1 MHz for which one
finds 17νQ,c −17 νQ,⊥ ≈ 0.24 MHz and the other with 17νQ,σ > 1 MHZ has an
O asymmetry 17νQ,c −17 νQ,⊥ ≈ 0.41 MHz. Such an asymmetry 17νQ,c −17 νQ,⊥
independent of the principal value 17νQ,σ is expected if the O EFGs are due to
the same background and only differ in hole content. This also indicates that the
O background EFG is also largely independent of the composition of the charge
reservoir layer.
The fact that there are two distinct families in terms of the O asymmetry as
well as the principal value is, however, puzzling. At first glance, the compounds
of the two groups structurally differ no more between the groups than they do
within one. It appears, however, that the doping of members of the second
group (T-2201, Hg-1201, ...) is controlled by the occupation of an interstitial,
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Figure 5.37: Planar 17O EFG asymmetry 17νQ,c−17 νQ,⊥ vs. principal value 17νQ,σ
for various HTSCs, corresponding literature data with references can be found in
App. B.1.
non-stoichiometric O site, as is for instance evidenced by the fact that for these
systems the doping is commonly characterized only by Tc and the specification
whether it is under-, over- or optimally doped.∗ It remains unclear whether the
difference in background EFG between the two groups arises from an EFG due to
the charge reservoir layer or for instance a difference in O 2pc hole content (which






= 0.046). A similar analysis for planar Cu is not possible
as the background due to site symmetry should show the same axial symmetry
about the c-axis as the EFG due to Cu 3dx2−y2 hole content.
Under the assumption that the O background EFG 17C reflects the local
symmetry with its principal value along the σ-bond, the asymmetry gives a lower
bound for the sought 17Cσ of 0.24 MHz.
∗For YBa2Cu3O6+y doping is controlled by O content as well, the chain site, however, is
stoichiometric and its occupation is commonly specified.
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Figure 5.38: Superconducting temperature Tc vs. principal value of quadrupole
splitting of planar 63Cu, 63νQ,c, for various hole-doped HTSCs, corresponding
literature data with references can be found in App. B.1. Full lines connect data
points for different planar sites for 3-, 4- and 5-layered cuprates. Dashed lines
indicate superconducting dome for those compounds where more than one value
is available.
An inspection of the relation of 63Cu and 17O quadrupole splittings with Tc
gives further insight. In Figs. 5.38 and 5.39 literature data of Tc vs. the principal
value of the quadrupole splitting for planar 63Cu and 17O are shown, respectively.
We find in both plots the approximately parabolic behavior of Tc with doping for
those compounds where more than one value is available.
For planar Cu there appears to be a trend of higher maximal critical temper-
ature Tc,max towards lower
63νQ,c.
For planar O there are less data available, but the trend of higher Tc,max to-
wards higher 17νQ,σ is much clearer here. In fact Tc,max at any one
17νQ,σ increases
fairly linear in the O splitting.
The literature data represented in Figs. 5.38 and 5.39 together imply an in-
crease in Tc,max with decreasing Cu hole content and increasing O hole content.
In this interpretation the offset of the linear dependence of Tc,max on
17νQ,σ
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Figure 5.39: Superconducting temperature Tc vs. principal value of quadrupole
splitting of planar 17O, 17νQ,σ, for various hole-doped HTSCs, corresponding lit-
erature data with references can be found in App. B.1. Dashed lines indicate
superconducting dome for those compounds where more than one value is avail-
able. The blue line indicates the increase of Tc,max with increasing
17νQ,σ.
(blue line in Fig. 5.39) of ≈ 0.5 MHz gives an upper limit for 17Cσ.
For the 63Cu EFG offset in (5.3), 63Cc, no further insight can be gained from
literature data. Contributions from other orbitals and other ions to the planar
Cu EFG, however, are expected to be comparatively small.[Stoll et al., 2002] A
63Cc = 0 gives by (5.10) a
17Cσ = 0.39 MHz that is in between the previously
deduced bounds, 0.24 MHz≤ 17Cσ ≤ 0.5 MHz.
Using this pair of constants, ( 63Cc ,
17Cσ ) = ( 0 , 0.39 ) MHz, one can extract
orbital hole densities for Cu 3dx2−y2 (nd) and O 2pσ (np) from the measured EFGs
of electron-doped cuprates as well as literature data listed in App. B.1.
The results are displayed in Fig. 5.40 where Cu hole content is plotted vs.
twice the oxygen hole content. Note that a differing choice of ( 63Cc ,
17Cσ ) would
result qualitatively in the same picture, i.e. shifting all data points by the same
amount parallel to the diagonal lines (green arrow indicates shift if 17Cσ was
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Figure 5.40: Planar Cu vs. O hole densities as extracted from quadrupole split-
tings for various HTSCs. The maximum critical temperatures (Tc,max), corre-
sponding data points and lines that indicate 15% doping (nd + 2np = 1 ± 0.15)
are indicated in blue. The grey line corresponds to the undoped case with 1 hole
per CuO2. Dashed arrows indicate doping induced changes. The green arrow
indicates shift of all data points if 17Cσ was chosen 0.05 MHz bigger. Literature
data for hole-doped compounds are listed in App. B.1.
chosen 0.05 MHz bigger).
One finds a wide spread of data points for hole-doped (open symbols) and
electron-doped (full symbols) HTSCs. Also the distributions of doped charges, as
indicated by the dashed grey arrows that follow the changes with doping, differ
strongly for the different families. However, the parent compounds show good
agreement with zero doping (thick solid gray line corresponding to nd+ 2np = 1).
The data points corresponding to optimal doping (blue symbols) for the different
families of HTSCs show good agreement with 15% doping (thin solid blue lines,
nd + 2np = 1 + 0.15 and 1− 0.15). This accordance further supports the validity
of the analysis, particularly for those HTSCs (of the second group, cf. Fig. 5.37)
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where no parent data are available and the doping is not readily extracted from
the stoichiometry. An exception here is the inner layer (4i ) of optimally doped
triple-layer Tl-2223. However, inner layers in multiple-layer HTSCs are reportedly
underdoped, correspondingly this data point is found closer to the parent line.
Furthermore, there appears to be a correlation of the distribution of doped
charges ( ∆nd(x)
∆(2np(x))
) to the distribution of the inherent hole in the parent ( nd(x=0)
2np(x=0)
),
i.e. a rather flat slope for hole-doped La2−xSrxCuO4 and a much steeper slope
for Hg and Tl compounds, and even steeper slopes for electron-doped cuprates.
This can be explained in a simple band picture [Morr, 2014], where the measured
orbital’s ’share’ of the inherent hole reflects the respective orbital’s contributions
to an empty upper and filled lower bands. When additional electrons or holes
are introduced into the empty upper or full lower bands, respectively, the orbital
distribution of these doped charges measured by NMR should also correspond to
the respective orbital contributions to these bands.
On the hole-doped side (above the thick solid gray line) materials with highest
Tc,max, cf. legend, are found for high np and low nd. A similar trend is indicated
by the two electron-doped families,∗ where doping decreases nd further leaving np
largely unchanged. This suggests very high Tc,max if one could successfully doped
holes into the T’ parent materials. The trend of higher Tc,max to the lower right of
Fig. 5.40 correlates with band structure calculations [Pavarini et al., 2001] and an
increasing distance of apical O from planar Cu, although a deeper understanding
is missing.
In sum the analysis has shown that quadrupole splittings for various systems
and different dopings of HTSCs can be very well described with a comparatively
simple model. Despite the limitations of this simple approach, the resulting
distributions of inherent and doped charges are in remarkable agreement with
quantitative expectations from stoichiometry as well as trends predicted with
computational methods. The experimental results together with theoretical con-
siderations [Bersier et al., 2006; Stoll et al., 2002] show that the NMR quadrupole
splitting is a direct measure of the local distribution of doped as well as inherent
∗And expected to be confirmed if further data for T’ compounds were available. Tc,max
is found to increase with the in-plane lattice constant a in T’ cuprates, cf. Fig. 2.4(c), and
the trend in Fig. 5.35 together with the following analysis corresponds to an increasing O hole
content with a.
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charges in the CuO2 plane and other contributions to the measured EFGs are
minor. The role apical O could not be addressed for lack of sufficient data. There
are, however, indications for an increased apical quadrupole splitting for materi-
als with higher Tc,max, signifying substantial deviations from full O
2− state, e.g.
in La2−xSrxCuO4 a doping-independent apex splitting of
17νQ,AP = 0.08 MHz
is reported [Haase et al., 2004] while values in Tl- [Kambe et al., 1993a] and
Hg-systems [Mounce et al., 2013] exceed 1.3 MHz. The extracted charge dis-
tributions show that low nd and high np favor highest Tc,max. The high O hole
content found for the T’-parent materials Pr2CuO4 and Nd2CuO4 seems to make






In the course of this study c-aligned powder samples as well as single crystals of
electron-doped HTSCs of Pr2−xCexCuO4 and also Nd2−xCexCuO4 were investi-
gated by means of NMR. Besides new 63Cu NMR measurements, the first ever
17O NMR investigation of electron-doped cuprates was conducted, employing a
broad range of experiments in external magnetic fields from 0 T to 17.6 T and
temperatures from 400 K down to 8 K.
An unambiguous spectral assignment could be achieved for both nuclei. For
planar 63Cu in optimally electron-doped Pr1.85Ce0.15CuO4 the long-assumed sce-
nario of an averagely small EFG that is broadly distributed could be proven. For
17O NMR the planar and inter-layer O sites could be assigned, showing a com-
paratively large quadrupole splitting of planar O in the undoped parent material
Pr2CuO4 that is unexpectedly similar to optimally hole-doped YBa2Cu3O6+y and
hardly affected by electron-doping. Combined these findings indicate a predomi-
nant electron doping of planar Cu in Pr2−xCexCuO4.
An enhanced, Gaussian decay of the 63Cu spin echo, as it is observed in hole-
doped cuprates as well as the parent material Pr2CuO4, is not found in electron-
doped Pr2−xCexCuO4 (x > 0). The effect, associated with antiferromagnetic
correlations of the static electronic spin susceptibility, appears to be suppressed
by electron doping. As revealed by a SEDOR experiment in Pr1.85Ce0.15CuO4 at
room temperature, an indirect Cu-Cu nuclear dipole coupling does not notably
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exceed the direct dipolar coupling, as opposed to hole-doped HTSCs where it is
an order of magnitude stronger. The 17O spin echo decay is shown to be dom-
inated by 63,65Cu spin-lattice fluctuations, also without indications for a strong
indirect coupling. Literature data of 63Cu spin echo decay rates in electron-doped
HTSCs support these findings, except for a reported divergence below 20 K in
Pr1.85Ce0.15CuO4 [Zamborszky et al., 2004]. The efficient suppression of indirect
coupling by electron doping is contrary the comparatively doping-resistant Néel
temperature TN in T’-cuprates. For hole-doped cuprates, on the other hand, TN
falls off rather rapidly already at low dopings while an enhanced echo decay as-
sociated with strong indirect, antiferromagnetic couplings persists over a wide
doping range.
Employing an analysis of planar Cu and O EFG data that Haase et al. [2004]
successfully used for hole-doped HTSCs, the almost exclusive electron doping of
planar Cu could be quantified. The dopings determined using this model in hole-
doped La2−xSrxCuO4 as well as electron-doped Pr2−xCexCuO4 show quantitative
agreement with the stoichiometrically doped charges.
It is further shown that the vast differences between different cuprate parent
materials found in terms of the planar 63Cu and 17O EFGs are astonishingly well
described when extending the analysis of Haase et al. [2004]. The EFG differences
between all parent materials are quantitatively accounted for, assuming a variable
distribution between Cu 3dx2−y2 and O 2pσ of the inherent hole that is nominally
expected in the former.
A review of the measured and all published 63Cu and 17O EFG data for HTSCs
shows further indications that these are dominated by planar charge distributions
and largely independent of the chemistry of the charge reservoir layer.
It is concluded that planar Cu and O quadrupole splittings are a direct mea-
sure orbital hole-densities in Cu 3dx2−y2 (nd) and O 2pσ (np). Extracting hole
densities from the measured data and published literature values, a new picture
of HTSCs is revealed, in that the distribution of inherent and doped charges dif-
fer distinctly for different cuprate families. Both indicate distinct charge transfer
energies between Cu and O for different cuprate structures, which concurs with
findings of first-principle calculations. The analysis reveals an overall trend of
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higher Tc,max for low nd and large np, which suggests rather high superconducting
transition temperatures for the T’-cuprates if one could successfully hole-dope
them.
In order to verify and expand the analysis of planar charge distributions in the
cuprates, further data, particularly planar 17O quadrupole splittings of HTSCs
are needed. Also, material and doping-dependent EFG data for apical 17O are
required, in order to investigate the role of this site, although here the chemistry
of the surrounding charge reservoir layer is likely to be more important.
Further confirmation of the discovered material-specific local charge distribu-
tions, already differing distinctly for the undoped parent compounds, could be
provided for instance by X-ray absorption spectroscopy.
The NMR investigation of electron-doped cuprates could be advanced by fur-
ther 17O and 63Cu NMR measurements in single crystals in dependence on doping,
temperature and possibly pressure. Given the higher homogeneity and direc-
tional resolution compared to aligned powders, this should allow further analysis





While spin-lattice interaction is the sole contribution to the longitudinal NMR
relaxation, cf. Sec. A.2, it also contributes to the transverse relaxation, which is
commonly termed Redfield contribution, cf. Sec. A.1. In case of enhanced, indi-
rect coupling causing fast Gaussian echo decays, as found in hole-doped HTSCs,
the spin-lattice relaxation limiting life-times of homonuclear spin states also needs
to be accounted for [Curro and Slichter, 1998].
A.1 T2R - transverse relaxation due to magnetic
spin-lattice interaction by Redfield theory
Although in many cases negligible (T1  T2∗), the Redfield contribution has
to be accounted for if T1 is short, particularly for measurements on quadrupolar
nuclei, since the various transitions are affected differently by lattice-fluctuations,
cf. Fig. 3.3. While Pennington [1989] gives the magnetic Redfield contributions
for all transitions of a spin 3/2, a general formulation for a spin I could not be
found in the literature, and is therefore given here. The following derivation using
Redfield theory justifies the handwaving deduction of (3.24).
A thorough description of Redfield theory and its advantages can be found in
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the book of Slichter [1990]. In the following, the notation therein will be used and
formulas that are also given by Slichter will be additionally marked with their
corresponding number (in italics) from his book (3rd edition).











where Rαα′,ββ′ is time-independent and describes the effect of the time-dependent
Hamiltonian H1 HZ treated as a pertubation to the Zeeman interaction HZ .


















〈α|H1(t)|α′〉〈β|H1(t + τ)|β′〉e−iωτdτ (A.3)
In this section only magnetic fluctuations of the ’lattice’ are considered, thus only
states with ∆m = 0,±1 are connected. The transition rates between states of
different m are:
Rαα,α−1α−1 = Wα↔α−1 = Jαα−1,α α−1(ωαα−1). (A.4)
These are the relevant terms describing the longitudinal spin-lattice relaxation
discussed in the App. A.2 and displayed in Fig. 3.3.
Using 〈o〉 = Tr(o%) one also finds an exponential transverse spin-lattice relax-
ation for a particular transition α↔ α−1 with its rate T−12R given by −Rαα−1,α α−1
which in turn may be found using (A.2) to be:
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where the frequency dependence of the spectral densities was omitted as they
may be approximated by a single value J(ω) = J(0) (5.285) for fluctuations
whose inverse correlation time τ−1c is short against the resonance frequency ω.
As in Slichter [1990] (Ch.5 and App.C) a simple model for the components
of the fluctuating field Hi (with i = x, y, z where z ‖ B0) is assumed where



























Writing out the sums in A.6 one finds that some terms drop for outer transi-

















A. Spin-lattice relaxation effects
Nonetheless, these terms (marked by curly braces) may be kept as they are
equal to zero for the respective outer transitions (see (A.8)). Departing now











































4I(I + 1)−m2 −m−m2 +m−m2 +m−m2 + 3m− 2
)
= (Wx +Wy) · (I(I + 1)−m(m− 1)− 1/2) +Wz (A.12)













which reproduces Walstedt’s expression [Walstedt and Cheong, 1995] for the cen-
tral transition by setting m = 1/2.
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A.2 T1 - longitudinal spin-lattice relaxation for
spins I > 1/2
An extensive discussion of spin-lattice relaxation in presence of a dominant Zee-
man Hamiltonian for various quadupolar spins I > 1/2 is given by Suter et al.
[1998].
Here, a short repetition of the general formalism is given. This is followed by
a more tangible example calculation for a spin 3/2 to derive the coefficients in
the first two rows of Table 3.2 and justify the deviation from these for 63Cu in
Pr1.85Ce0.15CuO4 at low T , discussed at the end of Sec. 5.1.1.
General formalism
Given a spin system in a state that is described by the occupation vector P (t)
differing from the equilibrium state P∞, this may relax by coupling to magnetic




P (t) = W(P (t)− P∞) (A.14)














Here α, β are eigenstates of the static Hamiltonian H0 = HZ + HQ with
their transitional frequency ω and the time-dependent Hamiltonian H1 comprises
magnetic and quadrupolar fluctuations that are ensemble averaged 〈...〉 over.
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Continuing with a number of assumptions:
1. a dominant Zeeman Hamiltonian, i.e. HZ  HQ,
2. fast fluctuations such that their inverse correlation times vastly exceed the
transitional frequencies, ω  τ−1C , which means that the spectral densities
can be approximated by single values with W for magnetic (∆m = 1) and
W1,2 for quadrupolar(∆m = 1, 2) transitions, and
3. the high-temperature approximation, i.e. kBT  ~ω ,
one may write the magnetic contributions to W as:
Wmagm (m−1) = W
mag
(m−1)m =W (I(I + 1)−m(m− 1)) (A.17)
and the quadrupolar terms:
W quadm (m−1) = W
quad
(m−1)m =
W (I(I + 1)−m(m− 1))(2m− 1)2
2I(2I − 1)2
, (A.18)
W quadm (m−2) = W
quad
(m−2)m =




Since the master equation is only of rank 2I, it is practical to only consider
population differences Nm−1/2 = Pm − Pm−1 or rather their deviation from the
equilibrium state nm−1/2(t) = Nm−1/2(t)−Nm−1/2(t =∞), where the equilibrium
population differences for the various transitions can be approximated by a single




n(t) = Rn(t) (A.20)
with reduced relaxation matrix R = Rmag + Rquad containing magnetic and
quadrupolar contributions according to (A.17)-(A.19).
The eigenvalue problem (A.20) is readily solved by finding the eigenvalues
λi and corresponding eigenvector matrix V of R. The pairs of eigenvectors V i
and corresponding eigenvalues represent the system’s relaxational modes with
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corresponding rates. Any excitational state n(0) may be expressed as a linear
combination of the eigenvectors V i, and its components will decay ∝ eλit. The
general solution of (A.20) corresponds to the T1-relaxation described by (3.23).










where the coefficients can be determined by expressing the excitation vector n(0)









The more conventional notation of (3.23), with the degree of inversion b and
coefficients ai, reflects that the mechanism of relaxation is independent of the
magnitude of n(0) and only depends on the ’nature’ of the excitation, i.e. the
orientation of n(0) in the space spanned by the relaxational eigenvectors V i. The









In the following an exemplary calculation is given in order to justify the relaxation
processes used in this study and also to illuminate the procedure so abstractly
described above.
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Example: I = 3/2 with magnetic and quadrupolar relax-
ation
The populations of an excited spin 3/2 system experiencing magnetic and quadrupo-
lar fluctiations will relax to the equilibrium state according to (A.17)-(A.19), also
illustrated in Fig. 3.3. We have (A.14) with:
W =

−3W −W1 −W2 3W +W1 W2 0
3W +W1 7W −W1 −W2 4W W2
W2 4W −7W −W1 −W2 3W +W1
0 W2 3W +W1 −3W −W1

(A.25)
which in the reduced form (A.20) yields:
Rmag =W ·




 −2W1 −W2 0 W2W1 −W2 −2W2 W1 −W2
W2 0 −2W1 −W2
 (A.27)
Solving the eignevalue problem (A.20) one finds the eigenvalues:
λ1 =− 7W −W1 −W2 + βλ,3/2 (A.28)
λ2 =− 6W − 2W1 − 2W2 (A.29)




25W 2 + 6W (W1 −W2) + (W1 −W2)2 (A.31)
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and the corresponding eigenvector matrix:










The inversion of the central transition corresponds to an exchange of the
respective populations P+1/2 ↔ P−1/2. This inverts the corresponding population
difference while doubling the population differences for the adjacent transitions.
The resultant excitation immediately after the selective inversion pulse is then:












Considering (A.32) one already sees that c2 for the central transition will always
be zero, independent of n(0). Additionally comparison with (A.33) shows that
n(0) is a linear combination of only V 1 and V 3:
 1−2
1
 = 7W +W1 −W2 − β
2β
·V 1 +0 ·V 2−
7W +W1 −W2 + β
2β
·V 3 (A.34)
This yields coefficients for the magnetization recovery (A.21) of the central
transition as:
c1,CT =
7W +W1 −W2 − β
8βW
· (−W +W1 −W2 + β) (A.35)
c2,CT =0 (A.36)
c3,CT =−
7W +W1 −W2 + β
8βW
· (−W +W1 −W2 − β) (A.37)
As was already pointed out the inversion of the CT also changes the population
differences n1 and n3 of the STs (n0 → 2n0). Even though this is hardly ever
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measured, since it requires double resonance techniques, one may also observe a
relaxation here with the following coefficients:
c1,ST =





7W +W1 −W2 + β
2β
(A.40)
The inversion of a satellite transition, for instance the (m↔ m−1) tran-
sition, gives an excitational state that is characterized by nT(0) = n0 (−2 1 0).
This is a combination of all 3 eigenvectors V i:
 −21
0
 = −3W +W1 −W2 − β
2β
·V 1+1·V 2+
3W +W1 −W2 + β
2β
·V 3 (A.41)
The relaxation of the inverted transition is then described by:
c1,ST =−





3W +W1 −W2 + β
2β
(A.44)
Again, a relaxation of the adjacent transition, in this the CT, could be ob-
served with:
c1,CT =−
3W +W1 −W2 − β
2β





3W +W1 −W2 + β
2β
· −W +W1 −W2 − β
4W
(A.47)
Even the other, non-excited satellite transition will take part in the relaxation
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process. Mathematically obvious, this is also intuitively evident if one consid-
ers that its eqilibrium population difference will be disturbed as the CT starts
relaxing. The corresponding parameters are:
c1,ST,non−excited =−
3W +W1 −W2 − β
2β
(A.48)
c2,ST,non−excited =− 1 (A.49)
c3,ST,non−excited =







B.1 Quadrupolar frequencies of HTSCs
Table B.1: Quadrupolar frequencies of hole-doped and electron-doped HTSCs.
The 17O anisotropy (2nd column from the right) is given by 17νQ,c − 17νQ,⊥ =








(x or y) [K] [MHz] [MHz] [MHz] [MHz] [MHz]
hole-doped
La-214 0 0 -0.147a 0.574a -0.427a 0.488a 0.280 33.2a
La-214 0.075 22 -0.180a 0.600a -0.420a 0.400a 0.240 34.2a
La-214 0.1 35 34.6a
La-214 0.15 38 -0.215a 0.690a -0.475a 0.377a 0.260 35.8a
La-214 0.2 36 36.6a
La-214 0.24 18 -0.280a 0.810a -0.530a 0.309a 0.250 37.4a
Continued on next page
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(x or y) [K] [MHz] [MHz] [MHz] [MHz] [MHz]
Y-123 0 0 -0.310a 0.795a -0.485a 0.220a 0.175 23.8a
Y-123 0.6 60 -0.341a 0.889a -0.544a 0.228a 0.203 28.9a
Y-123 0.63 62 -0.347a 0.905a -0.557a 0.232a 0.210 28.9a
Y-123 0.8 84 -0.353a 0.913a -0.559a 0.226a 0.206 31.5a
Y-123 0.96 92 -0.362a 0.954a -0.592a 0.241a 0.230 31.5a
Y-123 1 93 -0.387a 0.986a -0.599a 0.215a 0.212 31.5a
Y-123 1 93 -0.369a 0.966a -0.597a 0.236a 0.228
Y-124 und 81 -0.365a 0.927a -0.562a 0.213a 0.197 29.72a
Y-124 und 81 -0.357a 0.925a -0.568a 0.228a 0.211
Y,Ca-123 ovd 68 31.55b
Y,Ca-123 ovd 48 31.65b
Hg-1201 und 39 17c
Hg-1201 und 45 17d
Hg-1201 und 70 17.8c
Hg-1201 und 72 18.5c
Hg-1201 und 74 -0.300e 1.050e -0.750e 0.429e 0.450 18.46f
Hg-1201 opt 95 21.1c
Hg-1201 opt 96 21.7c
Hg-1201 opt 97 20.88g
Hg-1201 ovd 89 23.1c
Hg-1201 ovd 85 22.4d
Hg-1201 ovd 0 27.2c
Continued on next page
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(x or y) [K] [MHz] [MHz] [MHz] [MHz] [MHz]
Hg-1212 opt 125 15.6h
Hg-1212 ovd 117 16.4h
Hg-1212 ovd 101 17i































Tl-2201 opt 85 -0.369p 1.154p -0.790p 0.360p 0.421 21.5q
Tl-2201 ovd 72 22.2r
Tl-2201 ovd 40 23.8r
Tl-2201 ovd 10 -0.403 1.220q -0.817 0.340q 0.415 26.9q
Tl-2201 ovd 0 -0.428s 1.212s -0.785s 0.290s 0.357 26.2r
Bi-2212 opt 86 -0.390t 1.140t -0.750t 0.316t 0.360 19u
Bi-2212 ovd 82 -0.375v 1.140v -0.754v 0.332v 0.379
Continued on next page
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(x or y) [K] [MHz] [MHz] [MHz] [MHz] [MHz]
Tl-1212 ovd 70 20.7w
Tl-1212 ovd 52 22.5w
Tl-1212 ovd 10 25.8w
Tl-2212 und 102 -0.352 1.050x -0.698 0.330x 0.346 16.08x
Tl-2212 opt 112 -0.369 1.100x -0.732 0.330x 0.363 17.35x
Tl-2212 ovd 104 -0.379 1.130x -0.751 0.330x 0.372 17.87x









-0.330A 1.060A -0.730A 0.377A 0.400 10.8A




-0.359B 1.101B -0.741B 0.347B 0.383
(outer) -0.368B 1.217B -0.849B 0.396B 0.482
Ba-0212F und 40 12.5C
Ba-0212F und 73 13.7C
Ba-0212F opt 105 15.7C
Ba-0212F ovd 102 16.5C
electron-doped
Nd-214 0 0 -0.339 0.905 -0.565 0.250 0.226 14q
Nd-214 0.13 23 -0.333 0.885 -0.559 0.255 0.226
Nd-214 0.15 25 ≤ 1q
Nd-214 0.2 0 ≤ 1q
Continued on next page
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(x or y) [K] [MHz] [MHz] [MHz] [MHz] [MHz]
Pr-214 0 0 -0.341 0.954 -0.612 0.285 0.272 12.2
Pr-214 0.05 0 -0.332 0.943 -0.601 0.286 0.270 8.8
Pr-214 0.1 10 -0.336 0.933 -0.583 0.265 0.247 4.8
Pr-214 0.15 25 -0.333 0.921 -0.580 0.268 0.247 0
Pr-214 0.2 0 -0.327 ≈ 0
Pr,La-214 0.1 24 ≤ 0.5D
Sr-112 0 0 7.4E
Sr-112 0.07 28 3.6E
Sr-112 0.1 40 ≤ 4F
Sr-112 0.16 0 2.3E
References: a[Haase et al., 2004] and referrences therein, b[Williams et al., 2001], c[Gippius
et al., 1997], d[Rybicki, 2014], e[Mounce et al., 2013], f [Rybicki et al., 2012], g[Rybicki et al.,
2009], h[Ohsugi et al., 1996], i[Horvatic et al., 1994], j [Julien et al., 1996b], k[Julien et al., 1996a],
l[Magishi et al., 1996b], m[Breitzke et al., 2004], n[Itohara et al., 2010], o[Kotegawa et al., 2004],
p[Kambe et al., 1993a], q[Zheng et al., 1995] and referrences therein, r[Fujiwara et al., 1991],
s[Kambe et al., 1993b], t[Takigawa and Mitzi, 1994], u[Ishida et al., 1994], v[Crocker et al.,
2011], w[Magishi et al., 1996a], x[Gerashenko et al., 1999], y[Trokiner et al., 1995], z[Han et al.,
1994], A[Zheng et al., 1996], B [Lim et al., 1994], C [Shimizu et al., 2011], D[Zheng et al., 2003],
E [Mikhalev et al., 1998], F [Imai et al., 1995].
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B.2 Further NMR observations in electron-doped
cuprates
Pr-dominated 63Cu and 17O NMR shifts and spin-lattice
relaxation rates
The Knight shift that is expected to dominate the temperature dependent NMR
shifts in HTSCs has been studied at great lengths for hole-doped cuprates, as it
is a direct measure of the electronic spin susceptibility, cf. Sec. 2.
In Fig. B.1 the Cu NMR shifts in electron-doped cuprates measured in course
of this work as well as all available literature data are displayed.∗
It was already mentioned in Sec. 5.1 that the temperature-dependence of the
Cu shift in Pr2−xCexCuO4 for the c⊥B0 orientation is dominated by the Pr3+
moments [Williams et al., 2004], which accounts for the strong temperature de-
pendence that is hardly affected by electron-doping, cf. Fig. B.1 (b).
As shown in Fig. B.1 (a), the infinite-layer compound Sr1−xLaxCuO2, that is
free of 4f moments, shows a fairly constant shift above Tc. An exception here is
the pseudo-gap-like decrease in shift with decreasing temperature that is observed
for the underdoped system (x = 0.07) in c ‖ B0 orientation.
Similarly, the shifts observed in the 4f-free, non-superconducting, T’-structured
compound (La1−yYy)2−xCexCuO4 show little temperature and doping depen-
dence, with shift values comparable to those found in Sr1−xLaxCuO2.
Another T’-system where 63Cu shift data are available is the electron-doped
Pr1−xLaCexCuO4, where the partial substitution of La for Pr dilutes the 4f mo-
ments considerably. The observed shifts for x = 0.09 show a much weaker tem-
perature dependence in c⊥B0 than Pr2−xCexCuO4, with values comparable to
(La1−yYy)2−xCexCuO4 and Sr1−xLaxCuO2 at high temperatures. In c ‖ B0 ori-
entation the shift is fairly constant throughout the measured temperature range,
i.e. showing neither a Pr3+-dominated temperature dependence nor a drop at
Tc ≈ 24 K, which indicates a dominant orbital shift in c ‖ B0.
∗For most literature shift values 1450 ppm had to be added since the widely used reference
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Figure B.1: Temperature dependence of 63Cu shifts in electron-doped cuprates of
(a) infinite layer structure and (b) T’-structure. Literature values were increased
by +1450 ppm for CuCl-referenced data [Lutz et al., 1978] with the data from
a [Verkhovskii et al., 2003], b [Williams et al., 2002], c [Mikhalev et al., 1998], d
[Goto et al., 1996], e [Zheng et al., 2003], and f [Williams et al., 2004](diamonds).
In Pr-containing T’-cuprates the temperature dependence is dominated by Pr 4f
moments and can be described by (B.3) (blue lines).
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Table B.2: Comparison of experimentally determined Cu orbital shifts in
electron-doped cuprates. Literature values were increased by +1450 ppm for
CuCl-referenced data [Lutz et al., 1978] with the data from a [Verkhovskii et al.,
2003], b [Williams et al., 2002], c [Mikhalev et al., 1998], d [Zheng et al., 2003]














Pr2−xCexCuO4 0.10 ≤ x ≤ 0.20 1.03∗,e 0.35∗,e 2.9
Using the macroscopic susceptibility that is dominated by the Pr3+ moments,
one can show that for Pr2−xCexCuO4 as well as Pr1−xLaCexCuO4 the temper-
ature dependence of the shift is given by same. The Cu shift in dependence






where orbital shift 63Korb,α should be doping- and temperature-independent. Lit-
erature values for different electron-doped HTSCs are listed in Table B.2. Orbital
shifts found in different hole-doped cuprates [Renold et al., 2003] are almost in-
variably larger, particularly in c-axis direction, with shift values 1.25 ≤ Korb,c ≤
1.46 and 0.35 ≤ Korb,ab ≤ 0.44, with correspondingly higher anisotropy ratios
3.2 ≤ Korb,c/Korb,ab ≤ 3.7. The Knight shift 63Ks,α arises from hyperfine coupling
to the conduction electron spin susceptibility, while 63KPr,α is due to hyperfine
coupling (ACu−Pr,α) to the Pr





· χmolPr,α(T, nPr). (B.2)
shift of CuCl solution disregards a substantial paramagnetic shift contribution.[Lutz et al., 1978]
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The effective g-factor for Pr3+ is gPr,eff = 0.8, µB, NA and µ0 are Bohr magneton,
Avogadro’s constant and vacuum permeability, respectively. The factor of 2 arises
from two sites per unit cell. Since the macroscopic susceptibility is dominated by
the 4f moments, i.e. χ = χPr + χCu ≈ χPr, the Pr molar susceptibility (per mole
cuprate) χmolPr,α is readily extracted from susceptibility measurements. Based on
the parent material’s mass susceptibility [Földeáki et al., 1994] χmassPr2CuO4,α(T ) the
molar susceptibility can be modeled accounting for the varying abundance of Pr







(T ) , (B.3)
where the molar mass of Pr2CuO4 is M
mol
Pr2CuO4
= 0.409 kg mol−1. Corresponding
fits (blue lines in Fig. B.1 (b)) to the data of Pr2−xCexCuO4 and Pr0.91LaCe0.09CuO4
show good agreement with the same hyperfine couplings for both compounds:
ACu−Pr,c‖B0 = −0.33 T (B.4)
ACu−Pr,c⊥B0 = −0.17 T (B.5)
These couplings might account for the 63T−12 -peaks at low temperatures dis-
cussed in Sec. 5.3.1. If the slowing 141Pr T1 fluctuations is the origin of the en-
hanced Cu spin echo decay, the peak heights require an indirect coupling via the
electron susceptibility. The hyperfine coupling anisotropy
ACu−Pr,c‖B0
ACu−Pr,c⊥B0
= 2 of Cu
nuclei to the Pr 4f spin susceptibility combined with anisotropy of the 4f hyperfine
coupling to the 141Pr nuclear spins, reflected by the Van Vleck shifts aα [Bakharev






= 2 · 1 + 0.33
1 + 3.15





that is not expected from direct heteronuclear dipolar couplings giving a different
ratio of 1.4 , cf. (5.2). The slowing of Pr 63T1-fluctuations coupled indirectly via
the 4f spin-susceptibility to the Cu nuclear spins is therefore the likely origin of
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the observed 63T−12 -peaks shown in Fig. 5.28 (c-f).
The temperature dependent shifts of planar 17O are also by and large dom-
inated by the Pr 4f moments, as evidenced by the linear behaviour in Fig. B.2
where the 17O shift is plotted vs. that of 63Cu with the temperature as implicit
parameter. The slope depends on the ratio of the hyperfine couplings of 17O and
63Cu to the electronic spin susceptibility.
(b) c II B0


























Figure B.2: 17O vs. 63Cu shifts measured in c-aligned powder sample of electron-
doped Pr1.85Ce0.15CuO4 in (a) c⊥B0 and (b) c ‖ B0 orientations.
In c⊥B0 orientation, cf. Fig. B.2 (a), the shifts of the three resonances ob-
served , cf. Fig. 5.7, increase linearly with decreasing 63Cu shift (dashed lines).
The slopes are -4.0 and -2.1 for the two sharper resonances, attributed to the cen-
tral transition of planar 17O along and perpendicular to the σ-bond. The broad
resonance attributed to the interlayer O shows a much weaker dependence with
a slope of only -0.2.
In c ‖ B0 orientation, cf. Fig. B.2 (b), the planar O shift also shows a weak
linear dependence with a slope of -0.2, but only down to ≈ 100 K, below which
the data deviate from a linear relationship. This non-linear relationship is an
indicator of the two sites, Cu and O, experiencing different spin-susceptibilities,
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Figure B.3: Ratio of planar 63Cu and 17O spin-lattice relaxation rates in c ‖ B0
as function of temperature. Data for YBa2Cu3O6+y from Takigawa et al.
[1991]. Dashed line emphasizes constant 17T1/
63T1 = 16 above 100 K for
Pr1.85Ce0.15CuO4.
similar to what has been shown for many hole-doped HTSCs, e.g. in Haase
et al. [2009] and references therein. However, the observed deviation is of the
same size as the experimental uncertainty, due to overlapping resonances and
magnetic broadening with decreasing temperature, particularly in case of planar
O. Without a better resolution, e.g. from NMR experiments on single crystals, a
verification and closer inspection of this phenomenon is not feasible.
Nonetheless, spin-lattice relaxation data seem to support this observation of
a deviation from a one-component susceptibility below 100 K. In Fig. B.3 the
ratio of 63Cu and 17O spin-lattice relaxation rates in optimally and underdoped
Pr2−xCexCuO4 are plotted in dependence on temperature. Also shown are cor-
responding literature data for hole-doped YBa2Cu3O6+y from Takigawa et al.
[1991], where the increase of 17T1/
63T1 with decreasing temperature for under-
doped YBa2Cu3O6.63 is taken as evidence for antiferromagnetic correlations that
are suppressed in the slightly overdoped YBa2Cu3O7. Similarly, the data for un-
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derdoped Pr1.90Ce0.10CuO4 show such an increase that is not found for the opti-
mally doped system. In fact, the spin-lattice relaxation ratio in Pr1.85Ce0.15CuO4
is fairly constant for T ≥ 100 K with a value of 17T1/63T1 = 16 (gray dashed line).
In a one-component spin susceptibility picture this ratio would yield a slope of√
63T1/17T1 = 0.25 for the shift dependence
∗ shown in Fig. B.2 (b), which is in
good agreement with the determined slope of 0.2 (gray dashed line) above 100 K.
Both shift and spin-lattice relaxation data of planar 63Cu and 17O appear to
be in agreement with a one-component spin-susceptibility dominated by Pr 4f
moments above 100 K and show a departure from this behaviour below 100 K.
Closer inspection by temperature dependent NMR measurements in single cry-
tals promises further insight, since linewidths are expected to be smaller, no
orientational distributions can affect the results and unidirectional in-plane 17O
measurements along and perpendicular to the σ-bond are possible.
63Cu ”wipe-out” in electron-doped Pr2−xCexCuO4
Another interesting aspect when comparing 17O and 63Cu NMR results of electron-
doped HTSCs is the temperature dependence of the NMR signal intensity, cf.
Fig. B.4.
As mentioned already in Sec. 5.1.1 the 63Cu NMR intensity of Pr2−xCexCuO4
shows a decrease with decreasing temperature, that is similarly observed in
electron-doped Sr0.9La0.1CuO2 as well various underdoped, hole-doped HTSCs
like YBa2Cu3O6+y [Kobayashi et al., 2001; Singer and Imai, 2002], La2−xBaxCuO4
[Hunt et al., 2001], La2−xSrxCuO4 [Hunt et al., 2001; Julien et al., 2001] as well as
rare-earth substituted variants of the latter (La,Nd,Eu)2−xSrxCuO4 [Curro et al.,
2000; Hunt et al., 2001; Sawa et al., 2001; Singer et al., 1999; Teitel’baum et al.,
2000]. In contrast to a report by Williams and Haase [2007] that find the so-called
wipe-out for dopings below x = 0.125, the measurements in course of this study
found a significant signal loss at low temperatures for optimal doping x = 0.15 as
well. However, for the underdoped system Pr1.90Ce0.10CuO4 the effect was much
stronger and started at higher temperatures.
∗The electronic spin susceptibility contributes linearly to the NMR shift, while its fluctua-
tions’ contribution to T−11 is quadratic.
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Interestingly, the signal loss is much weaker or even lacking for the 17O NMR
spectra. Particularly, for the underdoped sample (circles) this discrepancy is most
evident. This is similar to aforementioned studies of hole-doped HTSCs where
89Y and 139La NMR did not show a significant signal loss either. These are,
however, reported to exhibit maxima in (89,139T1T )
−1 well below the respective
onset temperature of Cu wipe-out. This in accord with an inhomogeneous slowing
of electronic spin-fluctuations that render 63,65Cu nuclei ’invisible’ (not detectable
by NMR due to short T1) where the fluctuations are slowest. While
17T1-data are
lacking for the underdoped, electron-doped system Pr1.90Ce0.10CuO4 down to low
enough temperatures, one finds a decrease in 17T1 below 50 K for the optimally
doped Pr1.85Ce0.15CuO4, cf. Fig. 5.8, that might indicate a similar behaviour,
although more measurements are needed.
Therefore, the planar 63,65Cu wipe-out phenomenon appears to be symmetric
for both types of doping, occurring in the underdoped regime of hole-doped as well
as electron-doped HTSCs. For neither it is found to affect the NMR intensity of
other nuclear species significantly, but one finds increased spin-lattice relaxation
rates at lower temperatures.
Since no pronounced change in the Cu relaxation rates accompanies the wipe-
out phenomenon in electron-doped Pr2−xCexCuO4, the slowing of electronic spin
dynamics with decreasing temperature is very likely to inhomogeneous. This was
shown to be the case in hole-doped HTSCs, for instance by distributions of 139La
spin-lattice relaxation rates in underdoped La2−xSrxCuO4 [Julien et al., 2001].
Closer inspection of the phenomenon in electron-doped cuprates would require
low temperature 17O NMR on single crystals allowing for a much better spectral
resolution and thereby more selective NMR experiments.
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Pr2-xCexCuO4
Figure B.4: Temperature dependence of normalized intensities of 63Cu (solid
symbols) and 17O (open symbols) in (aligned) powder samples of Pr2−xCexCuO4
with x = 0.10, 0.15. Lines are guides to the eye. Intensities are corrected
for temperature dependencies of the Boltzmann factor, the quality factor of the
resonance circuit as well as T ∗2 , except for
17O in Pr1.85Ce0.15CuO4 where T
∗
2 data
are lacking. Here, the room temperature effect is small (≈ 8 %), cf. Sec. 5.1.2,
such that the observed 17O decrease in c ‖ B0(4) may be originate from increased
17T ∗2,c‖B0
−1
at lower T .
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